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ABSTRACT 
 
Telomerase enzyme is a truly remarkable enzyme specialized for the addition of 
short, highly repetitive DNA sequences onto linear eukaryotic chromosome ends.  The 
telomerase enzyme functions as a ribonucleoprotein, minimally composed of the highly 
conserved catalytic telomerase reverse transcriptase and essential telomerase RNA 
component containing an internalized short template region within the vastly larger non-
coding RNA.  Even among closely related groups of species, telomerase RNA is 
astonishingly divergent in sequence, length, and secondary structure.  This massive 
disparity is highly prohibitive for telomerase RNA identification from previously 
unexplored groups of species, which is fundamental for secondary structure 
determination.  Combined biochemical enrichment and computational screening methods 
were employed for the discovery of numerous telomerase RNAs from the poorly 
characterized echinoderm lineage.  This resulted in the revelation that—while closely 
related to the vertebrate lineage and grossly resembling vertebrate telomerase RNA—the 
echinoderm telomerase RNA central domain varies extensively in structure and sequence, 
diverging even within echinoderms amongst sea urchins and brittle stars.  Furthermore, 
the origins of telomerase RNA within the eukaryotic lineage have remained a persistent 
mystery.  The ancient Trypanosoma telomerase RNA was previously identified, however, 
a functionally verified secondary structure remained elusive.  Synthetic Trypanosoma 
telomerase was generated for molecular dissection of Trypanosoma telomerase RNA 
revealing two RNA domains functionally equivalent to those found in known telomerase 
RNAs, yet structurally distinct.  This work demonstrates that telomerase RNA is 
uncommonly divergent in gross architecture, while retaining critical universal elements.  
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PREFACE 
 
 It has been more than a quarter century since the initial identification of 
telomerase as the solution to the long standing end-replication problem for linear 
chromosomes.  Much progress has been made in the identification of numerous 
telomerase core components, the catalytic telomerase reverse transcriptase and intrinsic 
template containing telomerase RNA component, from evolutionary distinct groups of 
species across the eukaryotic lineage.  Distinct telomerase ancillary protein components 
have been reported.  Species-specific telomerase RNA biogenesis pathways have been 
discovered which include the novel and prevalent telomerase-specific spliceosomal 
cleavage.  The unique mechanism of telomerase processivity, which relies on enigmatic 
template-translocation, has been well studied.  Several devastating human diseases are 
defined as syndromes of short telomeres, with the decrease in telomerase activity as the 
principle driver of the disorder.  Yet there remains, and likely will continue into the 
foreseeable future, burning questions regarding this mysterious and intriguing enzyme. 
 
 
 
 
1 
CHAPTER 1 
INTRODUCTION 
 
 
1.1.  Telomeres 
The native end of chromosomes are functionally distinguished from 
damage-induced double-stranded DNA breaks to prevent improper chromosome 
fusion events and ensure proper chromosome partitioning into daughter cells.  
Initial work with telomeres centered on discovery and their protective function for 
genome stability.  Hermann Müller discovered in the late 1930s that chromosome 
breaks induced by X-ray irradiation were unable to fuse with the native 
chromosome ends (Müller, 1938).  To designate the distinctive and protective 
chromosome termini, Müller coined the term ‘telomere’ which is a combination 
of the Greek words ‘telo-’ meaning ‘end’ and ‘–mere’ for ‘part’.  Shortly 
thereafter, Barbara McClintock reported similar critical telomere functions during 
cell replication (McClintock, 1939, 1941). McClintock was working with 
dicentric chromosomes and discovered that partitioning of these chromosomes 
prior to cell division resulted in chromosome bridges between the two daughter 
cells.  These chromosome bridges would break following cell division which in 
turn would generate subsequent chromosome fusions, the reformation of dicentric 
chromosomes, and perpetuate the formation of additional chromosome bridges.  
This breakage-fusion-bridge cycle could continue unperturbed.  McClintock noted 
that this cycle was stopped in embryonic cells where the broken chromosome 
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ends were healed.  Many years later, this healing process in embryonic cells was 
contributed to the addition of telomeres onto the broken chromosome ends, 
preventing subsequent chromosome fusion and breakage events.  The initial 
findings by Müller and McClintock set the foundation for telomere biology years 
before DNA was recognized the genetic material for inheritance. 
In the early 1970s following the discovery that DNA is the material of 
inheritance and is semi-conservatively replicated, the inability of conventional 
DNA polymerases to completely replicate linear chromosome ends was formally 
recognized and described as the ‘end-replication problem’ (Olovnikov, 1973; 
Watson, 1972).  This problem arises due two key characteristics of all know DNA 
polymerases: DNA polymerases synthesize DNA in a 5’-to-3’ direction and 
require a free 3’-hydroxyl group for the catalysis of nucleotide addition.  Within 
the cell, an RNA primer provides this free 3’-hydroxyl group for DNA synthesis 
which is later degraded and in-filled with DNA (Figure 1.1).  The end-most RNA 
primer cannot be in-filled with DNA, generating a daughter lagging strand that is 
shorter than the parental strand. 
Later findings revealed that linear eukaryotic chromosome ends have 3’-
overhangs of single-stranded DNA (Makarov, Hirose, & Langmore, 1997).  These 
3’-overhangs are generated by the exonucleases Apollo and Exo1 which act upon 
and resection the bunt-ended DNA produced by leading strand synthesis (Sfeir, 
Chai, Shay, & Wright, 2005).  This 3’-end resectioning shortens the length of the 
parental DNA strand in the leading strand and the daughter strand in the lagging 
strand (Figure 1.1). The average rate of telomere shortening correlates well with 
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the average length of the telomeric DNA overhang and the extent of 3’-end 
resectioning (Huffman, Levene, Tesmer, Shay, & Wright, 2000).  The replicative 
capacity of somatic cells was found to be tightly associated with telomere length.  
Human somatic cells continuously cultured outside of the body would senesce 
after a finite number of divisions and lose viability.  This limited replicative 
capacity of terminally differentiated somatic cells has been termed the ‘Hayflick 
limit’ to honor is early work in the discovery of this phenomenon (Hayflick, 
1965).  Thus telomere length is viewed as a molecular clock with incomplete 
telomere replication counting down the remaining number of divisions possible 
for somatic cells.  The progressive erosion of the telomeres from chromosome 
ends precludes cell division and promotes cell senescence (d'Adda di Fagagna et 
al., 2003). 
Telomere nucleoprotein complexes are composed of unique sets of DNA 
binding proteins and a vast array of short, highly repetitive DNA sequences.  
Telomeric DNA from the free-living unicellular eukaryote Tetrahymena 
thermophila was first sequenced by Elizabeth Blackburn in the late 1970s (E H 
Blackburn & Gall, 1978).  T. thermophila was chosen due to its unique life cycle 
which includes the amplification of millions of copies of linear mini 
chromosomes during the vegetative growth phase.  The synthesis of telomeric 
DNA onto the ends of these newly amplified linear mini chromosomes provided a 
rich sample source for sequencing telomeric DNA.  T. thermophila telomeric 
DNA is specifically composed of the short sequence ‘TTGGGG’.  This strand 
4 
was aptly termed the ‘G-strand’ in reference to the high guanosine nucleotide bias 
with the complementary ‘C-strand’ for the frequency of cytosine nucleotides 
Human telomeres are, similar to T. thermophila, composed of short, highly 
repetitive DNA sequences (Figure 1.2).  A transition substitution of the T. 
thermophila sequence, human telomeric DNA contains hundreds of repeats of the 
sequence ‘TTAGGG’ (Moyzis et al., 1988).  The human telomeric DNA sequence 
is absolutely conserved amongst vertebrate species as well as numerous marine 
invertebrates, fungi, plants, and protozoans (Meyne, Ratliff, & Moyzis, 1989; 
Podlevsky, Bley, Omana, Qi, & Chen, 2008).  This pervasiveness throughout all 
major eukaryote lineages has strongly supported TTAGGG as the common 
ancestral telomeric DNA sequence.  Telomeric DNA sequence length varies 
dramatically between species (Makarov et al., 1997; Ray & Runge, 1999).  
Telomeric DNA in Tetrahymena and yeast is hundreds of base-pairs, while in 
humans it is 10,000-15,000 base-pairs with a 3’ G-strand overhang of 
approximately 200 nucleotides in length (Figure 1.2).  Several unique sets of 
proteins have been identified which coat the telomeric DNA and distinguish 
telomere ends from damage-induced chromosome breaks. 
Mammalian telomeric DNA is bound by the protein complex Shelterin.  
Shelterin has been characterized as a six protein complex with three proteins 
directly recognizing and binding the telomeric DNA which are in turn bound by 
the three remaining member proteins (de Lange, 2005) (Figure 1.2).  The first 
Shelterin complex proteins identified were the double-stranded telomeric DNA 
binding proteins Telomeric Repeat-binding Factors 1 and 2 (TRF1 and TRF2, 
5 
respectively).  TRF1, originally termed TRF, was initially identified by partial 
purification from human cell extracts owing to its strong preferential binding to 
telomeric DNA sequences (Zhong, Shiue, Kaplan, & de Lange, 1992).  
Characterization of TRF1 revealed telomeric DNA binding through a unique 
‘Myb’ sequence (Chong et al., 1995).  TRF2 was identified by the extensive 
homology with TRF1 and their shared Myb motif (Bilaud et al., 1997; Broccoli, 
Smogorzewska, Chong, & de Lange, 1997).  TRF1 and TRF2 form exclusively 
homodimers and specifically recognized the nine base-pair sequence 
‘TTAGGGTTA’ (Choi, Farrell, Lakamp, & Ouellette, 2011) (Figure 1.2). The 
final Shelterin protein that directly interacts with telomeric DNA is Protection Of 
Telomeres 1 (POT1).  In contrast to TRF1 and TRF2, POT1 associates with 
single-stranded telomeric DNA located in the 3’ G-strand overhang  and 
recognizes the 10 nucleotide sequence ‘TTAGGGTTAG’ (Baumann & Cech, 
2001; Choi et al., 2011) (Figure 1.2). 
The three remaining Shelterin complex proteins associate with the 
telomeric DNA binding proteins TRF1, TRF2, and POT1 (Figure 1.2).  Human 
Repressor/Activator Protein 1 (RAP1) binds specifically to TRF2 and not TRF1 
(B. Li, Oestreich, & de Lange, 2000).  The association of RAP1 with TRF2 is not 
necessary for telomeric DNA binding, rather RAP1 binding prevents 
inappropriate interactions between sister telomere ends (Martinez et al., 2010).  
The loss of RAP1 increases telomere fragility and the rate of telomere shortening.  
The final two Shelterin proteins connect the disparate single- and double-stranded 
telomeric DNA sections (Figure 1.2).  The TRF1-and-TRF2 Interacting Nuclear 
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protein 2 (TIN2) proteins bridge the numerous copies of TRF1 and TRF2 which 
coat double-stranded telomeric DNA (S. H. Kim, Kaminker, & Campisi, 1999).  
TIN2 and POT1-interacting Protein 1 (TPP1), and the name of the protein states, 
links the POT1 and TIN2 proteins (Houghtaling, Cuttonaro, Chang, & Smith, 
2004; Liu et al., 2004; Ye & de Lange, 2004).  This protein-based 
interconnectedness provides telomeres structure to the telomere and affords 
communication across the length of these nucleoprotein complexes (Figure 1.2). 
In contrast to the highly interconnected mammalian Shelterin complex, 
yeast telomeric DNA is bound by two distinct protein complexes and as yet no 
bridging proteins identified.  Yeast double-stranded telomeric DNA is directly 
bound by a homolog of the mammalian RAP1 protein which associates with the 
RAP1-Interacting Factors 1 and 2 (RIF1 and RIF2, respectively) proteins 
(Conrad, Wright, Wolf, & Zakian, 1990; Hardy, Sussel, & Shore, 1992; Wotton & 
Shore, 1997).  Yeast single-stranded telomeric DNA is bound by a similar three-
protein-complex composed of Cdc13, Stn1, and Ten1 termed the CST complex 
(Grandin, Damon, & Charbonneau, 2001; Grandin, Reed, & Charbonneau, 1997; 
J. J. Lin & Zakian, 1996; Nugent, Hughes, Lue, & Lundblad, 1996).  The Stn1 
and Ten1 proteins interact with Cdc13 which is directly responsible for DNA 
binding.  The CST complex regulates exonuclease resectioning of the C-strand as 
the loss of CST results in excessive C-strand resectioning dramatically increases 
G-strand overhang length.  The human variant of the CST complex also functions 
for G-strand overhang length maintenance (Miyake et al., 2009).  The human CST 
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complex promotes C-strand in-fill by the DNA polymerase alpha (pol α) 
following G-strand extension by the telomerase enzyme (Figure 1.2). 
The initial view that telomeric DNA is transcriptionally silent 
heterochromatin material was upended by the discovery of long non-coding 
Telomeric Repeat-containing RNA (TERRA) (Azzalin, Reichenbach, Khoriauli, 
Giulotto, & Lingner, 2007).  TERRA has been identified from related species 
which includes vertebrates, yeasts, and plants and is transcribed from 
approximately 25% of the telomeres within a cell (Azzalin et al., 2007).  The 
length of TERRA roughly correlates with telomere length.  Human TERRA 
ranges from 100 to greater than 9,000 nucleotides, while yeast TERRA is a more 
modest 400 nucleotides.  TERRA has a putative regulatory role for telomerase 
(Cusanelli, Romero, & Chartrand, 2013).  The level of TERRA transcription 
appears to be dependent on telomere length with shorter telomeres producing 
higher levels of TERRA compared with longer, more silent telomeric DNA 
(Arnoult, Van Beneden, & Decottignies, 2012; Iglesias et al., 2011).  TERA 
appears to increase telomerase recruitment to shorter telomeres for preferential 
lengthening and has been implicated in maintaining the separation of individual 
telomeres for chromosome end stability. 
 
1.2.  Telomerase 
The solution to the end-replication problem is the specialized reverse 
transcriptase, telomerase.  Telomerase de novo synthesizes short telomeric DNA 
repeats onto chromosomes ends to offset the persistent loss of telomere length due 
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to incomplete terminal DNA replication (Shippen-Lentz & Blackburn, 1990).  
The importance of the discovery of telomerase is evidenced by the 2009 Nobel 
Prize for the field of physiology or medicine awarded in partly to Elizabeth 
Blackburn and Carol Greider for their pioneering work in the identification of 
telomerase from T. thermophila (Carol W Greider & Blackburn, 1985).  
Telomerase is a ribonucleoprotein (RNP) enzyme minimally composed of the 
catalytic telomerase reverse transcriptase (TERT) protein component and the 
integral telomerase RNA (TR) component (Carol W Greider & Blackburn, 1987, 
1989).  TR harbors a small region that serves as the template for DNA synthesis. 
The Shelterin complex recruits telomerase to the ends of critically short 
telomeres for telomeric DNA synthesis during the late S-phase of the cell cycle 
(Wang et al., 2007; Xin et al., 2007).  Upon localizing to the 3’-end of the G-
strand overhang, telomerase catalyzes the addition of six nucleotides, ‘GGTTAG’ 
in humans, a single telomeric DNA repeat (Figure 1.3).  Telomerase exclusively 
extends telomeric DNA G-strands.  The C-strand in-filled by the recruitment of 
DNA pol α by the mammalian CST complex and G-strand overhang length 
maintained by the exonucleases Apollo and Exo1 (Sfeir et al., 2005; Wang et al., 
2012).  The cell must orchestrate a careful balance between telomere extension, 
resectioning, and erosion for well-maintained telomere length. 
The telomerase enzyme is capable of producing a vastly larger DNA 
product from the incredibly shorter template located within TR (Carol W Greider 
& Blackburn, 1987; Shippen-Lentz & Blackburn, 1990).  This property of 
telomerase is due to the two unique phases of the telomerase catalytic cycle 
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(Figure 1.4).  The first phase of the telomerase catalytic cycle is the synthesis of a 
single telomeric DNA repeat from the template region of TR.  This is followed by 
the second phase, template translocation for the regeneration of the template for 
the processive synthesis of additional telomeric DNA repeats.  This processive 
synthesis of multiple telomere repeats from the same template to a given primer is 
unusual for a polymerase and requires a specialized mechanism for template 
regeneration after each repeat synthesis. 
Processive repeat addition requires the translocation of the RNA strand 
after each repeat synthesis to regenerate the template (Figure 1.4). Template 
translocation is a complex, multi-step process which is currently poorly 
understood.  However, it is known that the RNA template/DNA primer hybrid 
must first separate, translocate, and re-anneal so that the 5’ portion of the RNA 
template is no longer base-paired with the DNA primer and available for the next 
round of nucleotide addition (Qi et al., 2012).  Through this process, a given 
primer can be extended with numerous telomere repeats before complete 
disassociation from the telomerase enzyme.  Nucleotide addition is believed to 
proceed quickly within the telomerase reaction, thus template translocation is 
postulated as the rate-limiting step (C W Greider, 1991; Morin, 1989). 
Telomerase processive repeat addition relies on telomerase-specific 
elements.  In TR, template length affects template realignment efficiency and thus 
repeat addition processivity (J-L Chen & Carol W Greider, 2003).  The TERT 
protein contains several DNA-binding motifs which enhance primer retention 
(Finger & Bryan, 2008; Jacobs, Podell, & Cech, 2006; Wyatt, Lobb, & Beattie, 
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2007; Zaug, Podell, & Cech, 2008) and additional motifs for binding the realigned 
RNA/DNA hybrid during template translocation (Sylvain Huard, Moriarty, & 
Autexier, 2003; Lue, Lin, & Mian, 2003; Qi et al., 2012; Xie, Podlevsky, Qi, 
Bley, & Chen, 2010).  Mutations in these motifs alter repeat addition processivity.  
Additionally, the complex formed by the telomere DNA-binding protein POT1 
(Protection Of Telomeres 1) and TPP1 (TIN2 and POT1-interacting Protein 1) has 
been found to delay primer release (Latrick & Cech, 2010).  POT1 directly binds 
to the telomeric DNA primer while TPP1 simultaneously binds to POT1 and 
TERT.  Thus the POT1-TPP1 complex holds the DNA primer in close proximity 
to telomerase, delaying primer release from the enzyme, and enhancing repeat 
addition processivity (Cristofari, Sikora, & Lingner, 2007).  The structural 
elements within the TR and TERT which increase processivity are discussed 
further in the following sections. 
 
1.3.  Telomerase reverse transcriptase 
The TERT protein is the catalytic component of the telomerase enzyme 
(Figure 1.5). This protein is responsible for the synthesis of telomeric DNA 
repeats from the RNA template located within TR. The TERT protein component 
is present across all known taxa—with the exception of a subgroup of select 
insects—and is composed of four independently folded protein segments or 
domains.  The four domains of TERT include the telomerase essential N-terminal 
(TEN) domain, the telomerase RNA binding domain (TRBD), the reverse 
transcriptase (RT) domain, and the C-terminal extension (CTE) domain (Figure 
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1.5A). The central RT domain and the CTE domain contain motifs highly 
conserved in other RTs and DNA polymerases, while the TEN and TRBD 
domains are unique to the TERT protein (Lingner et al., 1997). 
The overall structure of the RT and CTE domains, like all known DNA 
polymerases, resembles a right hand with finger, palm and thumb subdomains 
(Gillis, Schuller, & Skordalakes, 2008; M. Mitchell, Gillis, Futahashi, Fujiwara, 
& Skordalakes, 2010; Nakamura et al., 1997). The ‘fingers’ in right handed DNA 
polymerases bind incoming nucleotides, while the ‘palm’ constitutes the catalytic 
site for nucleotide polymerization (Bosoy & Lue, 2001). Like that of all other 
DNA polymerases, within the palm of the TERT protein lie three invariant 
aspartic acids (Lingner et al., 1997). This aspartic acid triad coordinates the 
positioning of two magnesium atoms. This acid-metal chemistry for nucleotide 
addition is common to all DNA polymerases. The TERT CTE domain has a 
similar overall structure to viral RTs ‘thumb’ domains, yet functions distinctly 
within the TERT protein (Gillis et al., 2008; M. Mitchell et al., 2010). The RT 
thumb domain positions the RNA template base-paired with a DNA primer, while 
the TERT CTE domain binds the 3’-end of the telomeric DNA to enhance DNA 
polymerization (Hossain, Singh, & Lue, 2002). 
The TERT N-terminus which harbors the TEN and TRBD domain 
contains TR binding sites that are critical for telomerase RNP assembly (Bley et 
al., 2011; J. Huang et al., 2014; Moriarty, Huard, Dupuis, & Autexier, 2002).  The 
TEN domain of TERT has two important functions: binding the TR subunit and 
binding single-stranded telomeric DNA (Figure 1.5B). While TEN is essential for 
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enhancing processive telomeric repeat synthesis, both TEN and TRBD contain 
vital RNA binding domains for TR-TERT association and RNP assembly (Figure 
1.5B and C). TEN contains a high affinity DNA ‘anchor’ site for specifically 
binding single-stranded telomeric DNA (Finger & Bryan, 2008; Jacobs et al., 
2006; Lue & Li, 2007; Romi et al., 2007; Sealey et al., 2010). This binding 
restrains the telomeric DNA within close proximity of the active site, delaying 
product release which in turn increases processive telomeric repeat synthesis 
(Wyatt, West, & Beattie, 2010). A conserved leucine residue outside of the DNA 
anchor site was found to enhance processive telomeric repeat synthesis (Eckert & 
Collins, 2012; Zaug et al., 2008). This residue was first identified in T. 
thermophila, with putatively homologous residues found within yeast and human 
TEN domains. While mutating this residue decreased processive telomeric repeat 
synthesis, these mutations failed to decrease telomeric DNA retention by the 
DNA anchor site. Instead, this leucine is believed to function as a molecular 
switch. However, the mechanism is poorly understood at this time. Outside the 
DNA anchor site and the important leucine residue, TEN contains a low-affinity 
RNA-binding domain for binding the TR pseudoknot (Cary K Lai, Mitchell, & 
Collins, 2001; Moriarty, Marie-Egyptienne, & Autexier, 2004). However, the 
mechanistic significance of this TERT-pseudoknot interaction is currently poorly 
understood. Interestingly, while TEN contains elements that enhance processive 
telomeric repeat synthesis and a low-affinity RNA binding site, this domain is not 
essential of for telomerase activity (Eckert & Collins, 2012). Additionally, certain 
insect species, including Tribolium castaneum, have a truncated TERT N-
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terminus, seeming to lack the TEN domain entirely (Figure 1.5A) (Gillis et al., 
2008; M. Mitchell et al., 2010). 
TRBD has higher conservation than the TEN domain, found in all known 
TERT proteins (Podlevsky et al., 2008). This domain contains a high-affinity 
RNA interacting domain essential for RNP assembly (Bley et al., 2011; J. Huang 
et al., 2014; Moriarty et al., 2004). The highly helical TRBD structure comprises 
three universal motifs: CP, QFP, and T (Figure 1.5A) (Gillis et al., 2008; 
Harkisheimer, Mason, Shuvaeva, & Skordalakes, 2013; J. Huang et al., 2014; 
Rouda & Skordalakes, 2007). Separate from RNA binding, motif T has been 
implicated in processive telomeric repeat synthesis (Drosopoulos & Prasad, 2010; 
M. Mitchell et al., 2010). This is believed to arise from interactions between motif 
T and RNA backbone of the TR template. In addition to the universally conserved 
motifs, TRBD has been shown to contain a vertebrate-specific region (VSR) and a 
ciliate counterpart (CP2). VSR and CP2 bind the TR, and CP2 is involved with 
delineating the template boundary within the ciliate TR (Harley, 2002; Moriarty et 
al., 2002). 
The catalytic RT domain is centrally located within the primary sequence 
and tertiary structure of the TERT protein (Figure 1.5). Functioning as a reverse 
transcriptase, TERT contains all the hallmark DNA polymerase motifs: 1, 2, and 
A though E. Similar to conventional RTs, TERT is a right-handed polymerase 
which includes analogous ‘fingers’ and ‘palm’ domains. The TERT fingers are 
believed to bind incoming nucleotides and positions the RNA template (Bosoy & 
Lue, 2001; Gillis et al., 2008; Wyatt et al., 2010), while the TERT palm forms the 
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catalytic site for DNA polymerization. Within the palm, motifs A and C contain a 
triad of invariant aspartic acids for conventional two-metal nucleotide synthesis. 
The loss of any of these three residues completely abolishes telomerase enzymatic 
activity in vitro and results in telomere shortening in vivo (T. M. Bryan, 
Goodrich, & Cech, 2000; C. M. Counter, Meyerson, Eaton, & Weinberg, 1997; 
Harrington et al., 1997; Nakayama et al., 1998; Weinrich et al., 1997; Wyatt et al., 
2010).  In addition to the catalytic aspartic acids, TERT contains an invariant 
lysine residue in motif D which is believed to function as an acid, activating the 
pyrophosphate generated from nucleotide addition. The loss of this lysine in 
TERT severely reduces telomerase activity (T. M. Bryan et al., 2000; Miller, Liu, 
& Collins, 2000; Sekaran, Soares, & Jarstfer, 2010). Motif E, in the TERT palm 
domain, functions as a primer grip for positioning the DNA primer (Peng, Mian, 
& Lue, 2001; Wyatt et al., 2007). This function is further supported by the 
Tribolium castaneum TERT crystal structure, in which a coiled loop is proximal 
to the end of the DNA primer (M. Mitchell et al., 2010). 
Although the TERT RT domain is well-conserved among RTs, several 
telomerase-specific motifs have evolved within this domain for telomerase-
specific functions. A large insertion found in the fingers domain, aptly termed the 
‘insertion in fingers domain’ (IFD), influences processive telomeric repeat 
synthesis in vitro and telomere maintenance in vivo (Lue et al., 2003). In addition 
to IFD, another telomerase-specific motif, motif 3—so named for its location 
immediately following motif 2 (Figure 1.5A)—is directly involved in repeat 
addition processivity (Xie et al., 2010). Alanine screening revealed that specific 
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residues within this motif could alter the rate of telomeric repeat synthesis 
independent of altering the processivity of telomeric repeat synthesis. The helix-
coil-helix structure of motif 3 lies atop the active site and appears to be in close 
contact with the RNA/DNA duplex (Gillis et al., 2008; M. Mitchell et al., 2010). 
The C-terminal extension (CTE), comprising the C-terminus of TERT, 
contains little-to-no sequence homology to conventional RTs. However, the 
overall structure and function of CTE is similar to the ‘thumb’ domain of 
retroviral RTs, specifically the HIV1 RT (Gillis et al., 2008; M. Mitchell et al., 
2010; Nakamura et al., 1997). The TERT CTE affects telomeric DNA binding, 
telomerase activity, and processive telomeric repeat synthesis (Hossain et al., 
2002; S. Huard, 2003). The crystal structure of Tribolium castaneum TERT 
revealed interactions between CTE and TRBD (Figure 1.5B) (Gillis et al., 2008; 
M. Mitchell et al., 2010). These interactions shape the global architecture of the 
TERT protein, forming a ring structure instead of the commonly seen horseshoe 
shape of conventional RTs. It has been proposed that CTE may contact TR when 
bound to TRBD (Bley et al., 2011). Thus the TR could function as a brace to 
strengthen the CTE-TRBD interactions and maintain the ring-like TERT 
structure. 
 
1.4.  Telomerase RNA 
Separate from most RTs, telomerase contains an integral RNA component. 
The RNA associated with conventional RTs provides merely a template for 
reverse transcription.  In contrast, TR is a multifaceted RNA with unique 
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structural elements crucial for telomerase enzymatic activity in addition to 
providing the template for nucleotide addition.  The TR demonstrates astonishing 
divergence in length, sequence, and the folded RNA structure (Figure 1.6) 
(Podlevsky et al., 2008). Ciliates encompass the smallest and most compact TRs 
discovered to date, ranging from 140-210 nucleotides in length (McCormick-
Graham & Romero, 1995). In contrast, yeast and filamentous fungi have vastly 
larger TRs which range from 920-2,430 nucleotides (Dandjinou et al., 2004; Qi et 
al., 2013).  Vertebrate TRs are more modest in length, ranging from 312-559 
nucleotides (J-L Chen, Blasco, & Greider, 2000; Xie et al., 2008).  This 
tremendous difference in TR length accommodates a plethora of species-specific 
TR binding proteins (Podlevsky & Chen, 2012).  Despite this immense variation, 
two structural elements outside of the template are universal to all known TR: the 
template proximal pseudoknot and distal stem-loop moiety (Figure 1.6) (Brown et 
al., 2007; J-L Chen et al., 2000; J.-L. Chen & C. W. Greider, 2004; J. J.-L. Chen, 
Opperman, & Greider, 2002; J. Lin et al., 2004; Qi et al., 2013).  These two 
ubiquitous TR elements are sufficient for reconstituting telomerase activity in 
vitro when added to TERT either as a truncated TR or excised as two physically 
separated RNA fragments and combined in trans (J R Mitchell & Collins, 2000; 
Qi et al., 2013; Tesmer et al., 1999).  
The human TR pseudoknot contains a triple helix formed by Hoogsteen 
base-pairings to a Watson-Crick base-paired helix (Theimer, Blois, & Feigon, 
2005). TR pseudoknots from additional species have been shown, or predicted, to 
contain a similar triple helix (Qiao & Cech, 2008; Shefer et al., 2007). The TR 
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pseudoknot with a triple helix are well-conserved and essential for telomerase 
activity, however, the precise function of either structure remains unknown (J.-L. 
Chen & Greider, 2005; Ly, Blackburn, & Parslow, 2003; Qiao & Cech, 2008). 
The template sequence is at a distance from the pseudoknot in the primary 
sequence, while proximal within the secondary structure (Figure 1.6).  Due to 
template proximity in TR secondary structures, the pseudoknot has been 
postulated to function for template positioning or retention nearby the TERT 
active site.  NMR structures revealed human TR has a sharp kink located between 
the pseudoknot and the template for putative positioning of the template (Qi 
Zhang, Kim, & Feigon, 2011; Q. Zhang, Kim, Peterson, Wang, & Feigon, 2010). 
In addition to the pseudoknot structure, the other universal TR element is a 
stem-loop moiety located downstream of the template-pseudoknot region (Figure 
1.6). Discovered independently within three major phylogenetic groups, this 
element has been separately termed: CR4/5 in vertebrates, three-way-junction 
(TWJ) in yeasts, and helix IV in ciliates (E. H. Blackburn & Collins, 2010; Brown 
et al., 2007; J-L Chen et al., 2000; J. J.-L. Chen et al., 2002; Qi et al., 2013). The 
vertebrate CR4/5 and yeast TWJ are a junction of three stems, two of which are 
capped by an apical loop (Figure 1.6B and C). It was found that the vertebrate 
CR4/5 is necessary for telomerase activity in vitro and telomere maintenance in 
vivo.  Mutations disrupting the vertebrate CR4/5 highly conserved 4 bp stem, 
P6.1, or altering the conserved residues in the apical loop abolished telomerase 
activity (J. J.-L. Chen et al., 2002). Recent cross-linking studies mapped the 
vertebrate CR4/5 binding site onto TRBD with single-residue resolution (Bley et 
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al., 2011).  This CR4/5 binding surface of TRBD was confirmed and further 
elucidated by an RNA-protein co-crystal (J. Huang et al., 2014) 
Yeast TWJ lacks the highly conserved vertebrate CR4/5 sequences and is 
dispensable for telomerase activity (Brown et al., 2007; Zappulla, Goodrich, & 
Cech, 2005). However, recent studies of fungal TRs from the fission yeast 
Schizosaccharomyces pombe and Pezizomycotina, filamentous fungi, identified a 
structure that is highly similar to the vertebrate CR4/5 termed P6/6.1 (Figure 
1.6D).  The filamentous fungal TR P6/6.1, like that of the vertebrate CR4/5, is 
essential for telomerase activity (Qi et al., 2013).  Ciliate TR lacks a three-way 
junction of helices, instead this distal stem-loop moiety is a single helix, termed 
Helix IV which is weakly bound by the TERT protein and is necessary for 
telomerase activity (C. K. Lai, Miller, & Collins, 2003; Mason, Goneska, & 
Greider, 2003) (Figure 1.6A).  It has been postulated that the ciliate Helix IV is 
functionally analogous to vertebrate CR4/5 helix P6.1 (Blackburn and Collins, 
2011). 
TR is vastly larger than the template sequence and a physical boundary is 
required to define the termination of reverse transcription. This template boundary 
element (TBE) prevents DNA synthesis from the 5’-template flanking region 
which would encode for non-telomeric sequences. The mechanisms and structural 
elements of the TBE are highly divergent (Figure 1.6A-D).  The ciliate TBE 
includes the conserved residues at the base of the template adjacent helix 
(Autexier & Greider, 1995; Cary K Lai, Miller, & Collins, 2002).  This template 
adjacent helix is a high-affinity TERT binding site, suggesting that steric 
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hindrance from TERT binding prevent template read through into the 5’-flanking 
region of the RNA (Figure 1.6A). In budding yeasts and filamentous fungi, the 
TBE is a stable helix located immediately or up to two nucleotides 5’ of the 
template (A. G. Seto et al., 2003; Tzfati, Fulton, Roy, & Blackburn, 2000).  This 
helical structure physically limits the available single-stranded RNA adjacent to 
the template (Figure 1.6C and D).  The fission yeast TBE partially overlaps with 
the template for telomeric DNA synthesis (J. A. Box, Bunch, Zappulla, Glynn, & 
Baumann, 2008).  This overlapping responsible for the telomeric repeat 
heterogeneity found in S. pombe telomeres.  In human and the vast majority of 
vertebrate TRs, the TBE is a helix located at a distance of 6-8 nt 5’ of the template 
(Figure 1.6B).  The length of this linker restrains the movement of the vertebrate 
template during reverse transcription.  This limitation on the available single-
stranded RNA, rather than steric hindrance by protein-RNA or RNA-RNA 
interactions as seen in ciliates and yeasts, defines the end of the template (J-L 
Chen & Carol W Greider, 2003; Moriarty, Marie-Egyptienne, & Autexier, 2005).  
In sharp contrast to this, rodent TRs abruptly end with only two nucleotides 5’ of 
the template (Hinkley et al, 1998).  The lack of sequence 5’ of the template 
functions as a TBE (J-L Chen & Carol W Greider, 2003). 
The massive disparity between TRs from evolutionary distinct groups of 
species seems to arise from non-overlapping biogenesis and localization 
pathways.  Outside the universal pseudoknot domain and distal stem-loop moiety 
are species-specific TR structural elements that are essential for biogenesis, 
localization, and accumulation (Figure 1.6A-D). The vertebrate TR 3’-end is an 
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H/ACA domain (Figure 1.6B). This H/ACA domain, as the name indicates, 
comprises a tandem array of stem-loops with box H and ACA moieties 
interspersed (Jády, Bertrand, & Kiss, 2004; J. R. Mitchell, Cheng, & Collins, 
1999).  In common with H/ACA small nucleolar (sno-) and small Cajal body (sca-
) RNAs, the vertebrate TR H/ACA domain is bound by two copies of the dyskerin 
complex (Emily D Egan & Collins, 2010).  The dyskerin complex is a protein 
tetrad comprising dyskerin, NOP10, NHP2, and GAR1 (Cheng & Roberts, 2001; 
Girard, Caizergues-Ferrer, & Lapeyre, 1993; Hamma, Reichow, Varani, & Ferré-
D'Amaré, 2005; Maiorano, Brimage, Leroy, & Kearsey, 1999; Pogacić, Dragon, 
& Filipowicz, 2000).  The 3’-apical loop in the human TR H/ACA domain is 
bound by telomerase Cajal body protein 1 (TCAB1) for localization to Cajal 
bodies, a nuclear compartment rich in RNA splicing and post-transcriptional 
modification machinery, prior to TR assembly with the TERT protein (Venteicher 
et al., 2009).  This 3’-apical loop has been found to contain a biogenesis 
promoting (BIO box) motif (Reichow, Hamma, Ferre-D'Amare, & Varani, 2007; 
Theimer et al., 2007).  The 5’-end of the TR contains a guanosine-rich track 
which is proposed to form a G-quadruplex structure (Lattmann, Stadler, Vaughn, 
Akman, & Nagamine, 2011; Sexton & Collins, 2011). The HEXH box RNA 
helicase RHAU is a part of the active telomerase holoenzyme complex and 
increases TR accumulation by putative resolving this G-quadruplex structure. 
Fungal TRs, being significantly larger than vertebrate TRs, appear to 
function as a flexible scaffold for binding distinct sets of telomerase accessory 
proteins (Figure 1.6C and D) (Zappulla et al., 2005).  A fungal-specific helix is 
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formed between the template and the pseudoknot in yeast and filamentous fungal 
TRs which is bound by even-shorter telomere protein 1 (Est1p), a critical protein 
for telomere maintenance (Evans & Lundblad, 2002; A.G. Seto, Livengood, 
Tzfati, Blackburn, & Cech, 2002).  The 3’-end of most Saccharomyces budding 
yeast TRs are bound by the Sm protein heptameric ring for 3’-end processing (a G 
Seto, Zaug, Sobel, Wolin, & Cech, 1999).  Schizosaccharomyces fission yeast, 
Candida budding yeast, and all known filamentous fungal TRs are processed by 
spliceosomal cleavage whereby RNA splicing machinery has been hijacked for 
cleavage by blocking the second transesterification reaction (Jessica a Box, 
Bunch, Tang, & Baumann, 2008; Gunisova et al., 2009; Kannan, Helston, 
Dannebaum, & Baumann, 2015; Qi et al., 2015).  The template adjacent helix in 
select Saccharomyces budding yeast TRs harbor a binding site for the Ku 
heterodimer, yKu70 and yKu80 (Fisher & Zakian, 2005; Kabaha, Zhitomirsky, 
Schwartz, & Tzfati, 2008; Stellwagen, Haimberger, Veatch, & Gottschling, 2003).  
To date, there are no reports of the Ku heterodimer binding the template adjacent 
helix in filamentous fungal TRs. 
TRs from outside of the vertebrate and fungal lineages are bound by 
entirely different sets of proteins necessary for biogenesis, localization, 
accumulation, and RNP formation.  The far more compact ciliate TR is bound by 
an entirely different protein set from vertebrate and fungal TRs.  Ciliate TR Helix 
IV is bound by the p65 protein (Min & Collins, 2009; Witkin & Collins, 2004).  
Binding by the p65 protein induces a distinct bend in Helix IV for specific residue 
contacts with the TERT protein necessary for telomerase activity.  Flagellated 
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protozoan TRs have been recently reported to associate with the box C/D proteins 
Nop58 and Snu13 (Gupta et al., 2013).  These protozoan TRs are trans spliced, 
where separately transcribed RNAs are combined together, and bound by the 
spliced leader RNA associated protein MTAP which is related to the vertebrate 
TCAB1 protein.  Furthermore, the transcriptional machinery is divergent between 
ciliates and all other groups of species.  Ciliate TRs are transcribed by RNA pol 
III and contain a 3’-polyU tract, while vertebrate, yeast, and flagellated protozoan 
TRs are all transcribed by RNA pol II and transiently contains a polyA tail prior 
to 3’-end processing (Jessica a Box et al., 2008; Chapon, Cech, & Zaug, 1997; J-L 
Chen et al., 2000; Gunisova et al., 2009; Kannan et al., 2015; McCormick-
Graham & Romero, 1995; J. R. Mitchell et al., 1999; Qi et al., 2015).  The 
unifying constant of all known TRs—amongst the heterogeneity in size, sequence, 
structure, function, and biogenesis—is that it is an innate  and essential telomerase 
component, functioning as more than merely the template for DNA synthesis. 
 
1.5. Alternative Lengthening of Telomeres 
Telomerase is the solution to the end-replication problem for the 
overwhelming majority of eukaryotes and the vast majority of cancers have 
readily detectable levels of telomerase activity (Hanahan & Weinberg, 2000; Q. 
Huang, Conditionally, Adenovirus, & Hahn, 2004; N. W. Kim et al., 1994; 
Newbold, 2002).  However, there are telomerase-independent means of telomere 
length maintenance employed by specific cancers (Tracy M Bryan, Englezou, 
Gupta, Bacchetti, & Reddel, 1995; Londoño-Vallejo, Der-Sarkissian, Cazes, 
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Bacchetti, & Reddel, 2004; Morrish & Greider, 2009; Reddel, 2003).  These 
telomerase-independent pathways have been termed Alternative Lengthening of 
Telomeres (ALT).  ALT employs homologous recombination of telomeres 
whereby one telomeric DNA strand invades the neighboring strand to be used as a 
DNA template for elongation (Londoño-Vallejo et al., 2004).  Telomeres that are 
extended by the ALT pathway have increased heterogeneity in telomere length (T 
M Bryan, Englezou, Dalla-Pozza, Dunham, & Reddel, 1997; Cesare, Griffith, 
Cesare, & Griffith, 2004).  An additional byproduct of telomere homologous 
recombination is the generation of circular extra-chromosomal telomeric DNA 
repeats. 
Flies from the dipteran insect lineage lack any discernable telomerase 
enzyme components or detectable telomerase activity (Biessmann & Mason, 
1997; Pardue, Danilevskaya, Traverse, & Lowenhaupt, 1997).  Instead for 
chromosome end maintenance, a very few select species within exclusively the 
Drosophila genus, employ retrotransposons, satellite sequences, and unequal 
recombination.  The chromosome ends of specific Drosophila species are 
composed of tandem arrays of the HeT-A and TART retrotransposons—parasitic 
genetic elements capable of self-replication through an RNA intermediate 
(Biessmann, Carter, & Mason, 1990).  Outside of the Drosophila genus, the 
majority of dipteran fly species chromosome ends comprise satellite sequences—
highly repetitive DNA sequences of 50-800 bp and employ a form of 
recombination similar to the ALT pathway for satellite sequence amplification for 
the extension of these chromosome terminal sequences (Biessmann, Zurovcova, 
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Yao, Lozovskaya, & Walter, 2000; Nielsen & Edström, 1993; Roth, Kobeski, 
Walter, & Biessmann, 1997).  The lack of telomerase within a small and closely 
related group of species, yet retained in neighboring species, strongly implies that 
telomerase was recently lost within this specific insect lineage. 
The evolution of linear chromosomes in eukaryotes created the 
requirement of systems for chromosome end maintenance to overcome the end-
replication problem and the improper interaction of neighboring chromosome 
termini.  Telomere nucleoprotein complexes for chromosome end protection and 
the telomerase enzyme for the iterative synthesis of telomeric DNA repeats 
appear to have been concluded early within the eukaryote lineage as evidenced by 
the absolute preponderance amongst all known species.  The telomerase enzyme 
is uniquely competent for telomeric DNA extension due to its intrinsic RNA 
component.  This RNA component provides, in addition to the template for 
telomeric DNA synthesis, affords critical residue associations and has resisted 
extensive scientific scrutiny.  Much hard-fought knowledge has been gleamed 
from the enigmatic TR.  In the work presented herein, the structure of a novel 
approach for TR identified has been evaluated and applied to discover additional 
echinoderm TRs for determining the secondary structure of the unique central 
domain.  Functional analysis of truncated protozoan TRs has revealed the minimal 
RNA sufficient for telomerase activity.  A detailed protocol for the analysis of 
human TERT and TR candidate mutations has been described.  This work has 
built upon previous discoveries within telomerase, RNA function, and human 
disease.  
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Figure 1.1.  The end-replication problem is the critical loss of genomic DNA 
with each cell replication.  Conventional DNA polymerases are incapable of 
fully replicating the ends of linear eukaryotic chromosomes leading to shorter 
DNA products (black) than the parental DNA strands (grey).  The end-most 
lagging strand RNA primer (red) cannot be in-filled with DNA resulting in a 
slightly shorter DNA strand (black).  In contrast, leading strand synthesis 
generates a blunt-end which is processed by the exonucleases Apollo and Exo1 to 
generate a far shorter DNA product (black).  
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Figure 1.2.  Mammalian telomeric DNA is coated and protected by the 
Shelterin protein complex.  The Shelterin complex is composed of three direct 
DNA binding proteins TRF1 (blue), TF2 (violet), and POT1 (red) and three 
associated proteins.  TRF1 and TRF2 bind double-stranded telomeric DNA as 
homodimers and POT1 binds single-stranded DNA as a monomer.  RAP1 (green) 
binds selectively to TRF2 and not TRF1, while TIN2 (yellow) and TPP1 (orange) 
bridge the single-stranded and double-stranded regions of the telomere.  
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Figure 1.3.  The telomerase enzyme extends telomeric DNA.  The Shelterin 
protein complex recruits telomerase selectively to the ends of the shortest 
telomeres.  The telomerase enzyme reiteratively synthesizes the addition of six 
nucleotide telomeric DNA repeats (red) to extend the G-strand (black) from a 
short template region within the TR (green) catalyzed by the TERT protein 
(grey).  The mammalian CST complex recruits DNA pol α for C-strand in-fill 
(orange).  
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Figure 1.4.  A model of the human telomerase reaction cycle.  The telomerase 
reaction is divided between nucleotide addition (left), which is common to all 
polymerases and template translocation (right, open boxes), a unique property of 
telomerase.  After assembly of the telomerase catalytic core, composed of TERT 
(grey) and TR (green), with the DNA primer (blue), six nucleotides (violet) are 
sequential added in a template-dependent manner (violet arrows).  The template is 
regenerated though a multi-step process (open boxes) involving separation of the 
RNA/DNA hybrid, realignment of the RNA template relative to the DNA primer, 
and the reformation of an RNA/DNA hybrid.  Movements of the RNA and DNA 
strands are denoted by small arrows (light grey).  
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Figure 1.5.  Structural organization of the catalytic TERT protein.  (A) TERT 
is composed of four structural domains: telomerase essential N-terminal (TEN, 
green) domain, telomerase RNA-binding domain (TRBD, blue), reverse 
transcriptase (RT, red), and the C-terminal extension (CTE, orange).  The TEN 
and TRBD are telomerase-specific, essential for template translocation, and not 
found among conventional polymerases. Important motifs within each domain are 
colored similarly. (B) The crystallized Tetrahymena thermophila TEN domain has 
a DNA-binding surface (dashed line) specific for telomeric DNA which 
dramatically enhances telomerase processivity by postponing complete DNA 
product release.  (C) The Tribolium castaneum TERT crystal structure 
demonstrates that TRBD, RT, and CTE domain form a unique ring structure, 
unseen in other polymerases.  TRBD contains the dominate TR binding site 
(dashed line) within TERT.  The active site for DNA synthesis within the RT 
domain is denoted (dark red).  
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Figure 1.6.  The conserved core of highly divergent TR. (A) Ciliate TRs 
include the smallest TR identified to date. The binding site for p65 (green box) is 
important for activity and RNP assembly. (B) Vertebrate TRs contain a CR4/5 
domain (red) essential for activity and a distal H/ACA domain with a CAB box 
(green) for TR biogenesis and localization. (C) Yeast TR contain a large distal 
TWJ (red) seemingly dissimilar functionally from vertebrate CR4/5. The Est1, 
Ku, and Sm protein-binding sites (green) are important for telomerase activity in 
vivo. (D) Filamentous fungal TRs contain the largest known TR and include a 
functionally and structurally similar vertebrate-like CR4/5, termed P6/P6.1 (red), 
and an Est1-binding site (green). Two major structural elements are common to 
all known TRs: a template proximal pseudoknot (red) and template-distal three-
helical junction [P6/P6.1 and TWJ (red)]. Ciliates appear to have a homologous 
structure, Helix IV (red).  Additionally, there is a template boundary element 
(TBE, blue) which functions similarly, yet is structurally divergent.  
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CHAPTER 2 
COMPREHENSIVE ANALYSIS OF THE ECHINODERM TELOMERASE 
RNA SEARCH STRATEGY 
 
 
2.1.  Introduction  
The telomerase enzyme is responsible for the synthesis of telomeric DNA 
to offset telomere erosion due to the end-replication problem (Podlevsky & Chen, 
2012; Zakian, 2009).  The core enzyme is minimally composed of the catalytic 
telomerase reverse transcriptase (TERT) which synthesizes telomeric DNA from 
a short region within the integral telomerase RNA (TR) component.  Although the 
TR is indispensable for telomerase function, there is no sequence homology and 
limited structural similarities amongst TRs from ciliates, yeasts, and vertebrates 
(E. H. Blackburn & Collins, 2010; J. Lin et al., 2004).  These universally shared 
TR structures include a template proximal pseudoknot and distal stem-loop 
moiety.  While present in all TRs with a determined secondary structure, the distal 
stem-loop moiety is highly divergent in TRs from evolutionary distant of species.  
The recent identification of Neurospora crassa and 72 additional filamentous 
fungal TRs found that the common ancestral TR for fungi and vertebrates had a 
stem-loop moiety strongly resembling the vertebrate conserved regions 4 and 5 
(CR4/5) domain (Qi et al., 2013). 
Few connections can be drawn between TRs from distinct groups of 
species which include flagellated protozoans and the plant Arabidopsis TR for 
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which neither a pseudoknot nor distal stem-loop moiety have been determined or 
confirmed (Cifuentes-Rojas, Kannan, Tseng, & Shippen, 2011; Gupta et al., 2013; 
Sandhu et al., 2013; Vasconcelos et al., 2014).  The underlying cause for this 
massive divergence in TR overall architecture is the myriad of accessory proteins 
that vary dramatically among species by binding species-specific structural 
domains within TR.  These accessory proteins are essential for TR biogenesis, 
localization, RNP formation, and the regulation of telomerase activity.  
Discerning the origins, evolution, and structure/function relationship of the 
telomerase RNP requires the identification of numerous TRs from all major taxa 
of eukaryotes.  Massive TR divergence in the primary sequence of TR has been a 
nearly insurmountable obstacle for TR identification from important model 
organisms and taxa by conventional molecular and bioinformatics approaches. 
Molecular and biochemical approaches for TR identification have centered 
upon the purification of the telomerase holoenzyme from cell lysates (Cifuentes-
Rojas et al., 2011; Carol W Greider & Blackburn, 1989; Leonardi, Box, Bunch, & 
Baumann, 2008; Qi et al., 2013; Webb & Zakian, 2008).  These purification 
protocols are arduous and broadly infeasible for the vast majority of important 
organisms.  This is due to the natural low abundance of the telomerase enzyme 
and lack of established genetic tools critical for the expression of recombinant, 
affinity tagged telomerase protein components.  Within species amenable to 
telomerase enzyme purification, the process is complicated by the numerous 
necessary purification steps which must be individually optimized for each 
species. 
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Avoiding the complexities and complications of telomerase enzyme 
purification for TR identification, direct PCR application of from genome DNA 
has been well applied for TR identification of numerous vertebrate and yeast 
species (J-L Chen et al., 2000; Dandjinou et al., 2004).  For the identification of 
vertebrate TRs, degenerate PCR primers were designed to target the highly 
conserved pseudoknot and CR4/5 sequences.  This method was ineffective for 
species where the primer targeting sites are poorly conserved, such as teleost fish 
(Xie et al., 2008).  An alternative approach for direct PCR application from 
genomic DNA relied on targeting syntenic protein genes flanking TR, applied for 
TR discovery in sensu stricto Saccharomyces species.  These approaches are 
limited to, and most adept for, additional TR identification for species where a 
closely related TR species was previously known. 
RT-PCR for the application of the TR transcript from isolated total RNA 
has been employed (Gunisova et al., 2009).  DNA primers are designed to target 
the template region within the TR which is predicted from telomeric DNA repeat 
sequences.  This approached is narrowly applicable to species with considerably 
long TR template regions that could function as priming sites for PCR such as 
Candida yeast species.  Additional molecular approaches included RNA/DNA 
hybridization and whole genome gene-knockout library screening (Hsu et al., 
2007; Kachouri-Lafond et al., 2009; McEachern & Blackburn, 1995).  Due to the 
necessity of genetic tools and smaller genomes, these techniques have been 
restricted to yeast species. 
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Several bioinformatics approaches have been developed to leverage the 
rapidly expanding number of sequenced genomes and transcriptomes sequencing 
due to next-generation sequencing advances.  The basic local alignment search 
tool, BLAST, was designed as a straightforward means of searching for 
homologous sequences within closely related species (Altschul, Gish, Miller, 
Myers, & Lipman, 1990; Qi et al., 2013).  BLAST has been recently enhanced for 
TR discovery with the addition of position-specific weight matrices (PWM) 
which overcome low sequence conservation inherent to the highly divergent TR 
(Xie et al., 2008).  However, require a sufficient number of well-aligned TR 
sequences from relatively closely related species for calculating the nucleotide 
probability at each position necessary for generating the PWM search pattern 
(Mozig, Chen, & Stadler, 2007).  These bioinformatics tools are best applied for 
the identification of TRs from species recently diverged from a closely related 
group of species with the TR previously identified. 
 The identification of the Strongylocentrotus purpuratus (purple sea 
urchin) TR was recently reported by a multiple step biochemical TR enrichment 
protocol (Figure 2.1) (Y. Li et al., 2013).  This biochemical TR enrichment 
protocol relied on (1) anti-trimethylguanosine (TMG) immunoprecipitation (IP), 
(2) 5’-monophosphate-dependent exonuclease-treatment, and (3) co-IP of RNA 
using the TERT protein as bait.  The basis for these TR enrichment steps for 
spuTR were the common intrinsic features of vertebrate and fungal TRs which 
include a 5’-TMG cap and specific association with the TERT protein (Jády et al., 
2004; a G Seto et al., 1999; Webb & Zakian, 2008).  The assumption of a 5’-TMG 
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cap would additionally permit nucleolytic digestion with enzymes blocked by 
guanosine caps. 
 Herein is the efficacy of each biochemical TR enrichment steps employed 
for the discovery of spuTR was analyzed.  Efficacy of each biochemical TR 
enrichment step was assessed by a similar bioinformatics screening process of 
RNA-seq to determine average sequencing read coverage for spuTR, the number 
of transcripts with a putative template sequence, and the ranking amongst these 
putative template bearing transcripts (Figure 2.2).  Comprehensively assessment 
of these enrichment steps was performed by RNA-seq and bioinformatics 
screening of samples derived from sequential enrichment with the output of each 
step as the input for the next as well as from all enrichment steps with total RNA 
as the input.  The anti-TMG step was absolutely critical for spuTR identification 
as this immensely increased the average sequencing read coverage, raised the 
ranking to the second most abundant putative template bearing transcript, and 
decreased the number of putative template bearing transcripts.  The evaluation of 
this search strategy is essential for determining its effectiveness for additional TR 
discovery. 
 
2.2.  Materials and Methods 
Isolation of total RNA.  Gonad tissue was dissected from live S. purpuratus 
(Marine Research and Educational Products, San Marcos, CA).  Total RNA was 
isolated from gonads using TRI-Reagent (Molecular Research Center, Inc) 
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following the manufacturer’s instructions appended with an acid phenol 
extraction step prior to chloroform extraction and ethanol precipitation. 
Anti-TMG immunoprecipitation.  Two hundred micrograms of total RNA was 
incubated with 20 µg of anti-TMG (K121) monoclonal antibody (Santa Cruz 
Biotechnology) in 1x IP buffer (25 mM Tris-HCl, pH 8.0, 200 mM NaCl and 0.2 
mM EDTA) with 0.1 U/µL SUPERase-I RNase inhibitor (Ambion) at 4˚C for 2 
hours. The mixture was then combined with 80 µL Ultralink Immobilized Protein 
A/G gel slurry (Pierce) that was pre-blocked with 1 mg/ml RNase-free BSA 
(Ambion) in 1x IP buffer at 4˚C for 20 min with rotation.  The gel slurry was 
washed 5 times with 1x Wash buffer (25 mM Tris-HCl, pH8.0, 300 mM NaCl and 
0.2 mM EDTA) and eluted with 1x SDS elution buffer (25 mM Tris-HCl, pH8.0, 
200 mM NaCl, 5 mM EDTA and 1% SDS) at room temperature for 10 minutes. 
RNA was isolated by acid phenol/chloroform extraction and ethanol precipitation. 
Exonuclease treatment.  Five micrograms of TMG-capped RNA or total RNA 
was treated with 2 units of Terminator 5’-monophosphate-dependent exonuclease 
(Epicentre) at 30˚C for 1 hour to remove ribosomal and other uncapped RNAs. 
RNA was isolated by acid phenol/chloroform extraction and ethanol precipitation. 
Synthesis and Purification of spuTERT.  The spuTERT protein appended with an 
N-terminal FLAG tag was synthesized in vitro in 100 µL RRL using the TNT 
Quick Coupled Transcription/Translation System (Promega) following the 
manufacturer’s instructions. The RRL reaction was combined with 60 µL anti-
FLAG beads (Sigma) that were prewashed 4 times with 1x Wash buffer and 
incubated at room temperature for 16 hours with gentle agitation. Beads were 
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washed 3 times with 1x Wash buffer and stored in 20 µL 1x RNA binding buffer 
(50 mM Tris-HCl, pH 8.0, 100 mM KCl, 2 mM MgCl2, 2 mM DTT, 10 mM 
EGTA, 2 U/µL SUPERase-In and 0.025% Tween 20). 
Purification of TERT-bound RNA.  Five micrograms of exonuclease-treated RNA 
or total RNA was then combined with affinity-purified spuTERT protein on beads 
in 1x RNA binding buffer, and incubated at room temperature for 20 minutes with 
gentle rotation. Beads were washed 3 times with ice-cold 1x Wash buffer. TERT-
bound RNA was eluted with 1x SDS Elution buffer, acid phenol/chloroform 
extracted and ethanol precipitated. 
Efficacy of spuTR enrichment.  Ten nanograms of total RNA and RNA samples 
extracted from TMG-IP, exonuclease-treatment and TERT-binding steps 
performed serially or independently were used for cDNA library construction 
with the ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre) following the 
manufacturer’s instructions. The cDNA libraries were constructed with ScriptSeq 
Index PCR Primers (Epicentre) and the indexed cDNA libraries were pooled for a 
multiplexed, 4 libraries per a lane, single-end 100 bp sequencing run on an 
Illumina HiSeq 2000. The pooled samples were de-multiplexed and each 
population of sequencing reads was independently mapped to the S. purpuratus 
draft genome.  The mapped loci were searched for putative template sequences, 
and known and hypothetical genes were detected by BLAST against the National 
Center for Biotechnology Information nucleotide collection and discarded.  
Sequencing reads corresponding to the spuTERT expression vector co-purified 
with the spuTERT were discarded prior to spuTR enrichment analysis. 
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2.3.  Results 
The identification of TR from important model organisms is obstructed by 
low telomerase enzyme abundance within the cell which is further complicated by 
the divergence in TR length, sequence, and structure.  A novel approach was 
reported that combined enrichment of the TR from total RNA, next-generation 
sequencing and bioinformatics screening (Y. Li et al., 2013).  Identical serial 
biochemical TR enrichment was performed (Figure 2.1).  Total RNA from S. 
purpuratus was immunoprecipitated with monoclonal anti-TMG antibodies from 
mouse.  This TMG-capped RNA was then subjected to 5’-monophosphate-
dependent exonuclease-treatment to degrade any remaining uncapped RNA.  
Finally, the exonuclease treated RNA was co- immunoprecipitated used RRL 
expressed spuTERT protein.  Samples of (1) total RNA, (2) TMG-capped RNA, 
(3) TMG-capped/exonuclease-treated RNA, and (4) TMG-capped/exonuclease-
treated/TERT co-IP RNA from serial enrichment were used for cDNA library 
construction and RNA-seq analysis. 
Determining the efficiency of each TR biochemical step in series is 
important for the understanding the contribution of each of these steps as a 
complete enrichment procedure.  This serial enrichment does not demonstrate the 
outright evaluate the ability of each step to enrich for spuTR from S. purpuratus 
total RNA.  To evaluate the efficacy of each for spuTR enrichment from total 
RNA, the same steps of TMG-IP, exonuclease-treatment, and TERT-binding was 
performed with total RNA as input for each step in placed of the previously 
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enriched RNA (Figure 2.1).  Samples of (1) total RNA, (2) TMG-capped RNA, 
(3) TMG-capped/exonuclease-treated RNA, and (4) TMG-capped/exonuclease-
treated/TERT co-IP RNA from this parallel enrichment from total RNA were 
used for cDNA library construction and RNA-seq analysis. 
The RNA-seq data from total RNA and each of the enrichment steps were 
analyzed by a bioinformatics pipeline which generate a final set of candidate 
transcripts (Figure 2.2).  This bioinformatics pipeline consisted of mapping the 
sequencing reads onto the S. purpuratus draft genome to generate initial 
transcripts or mapped loci.  These mapped loci were screened for putative spuTR 
template sequences defined as circular permutations ranging from 8 to 18 nt in 
length and reverse complementary to the S. purpuratus DNA repeat sequence 5’-
TTAGGG-3’ (Sinclair, Richmond, & Ostrander, 2007).  BLAST was performed 
with these putative template loci as query against the entire National Center for 
Biotechnology Information database of known, hypothetical, and putative genes.  
Putative template loci matching known, hypothetical, and putative genes were 
then discarded resulting in the candidate loci. 
The efficacy of each biochemical TR enrichment step was evaluated by 
several criteria instead of the simple abundance of spuTR sequencing reads over 
the total number of sequencing reads within the sample mapped to the S. 
purpuratus draft genome (Figure 2.3).  The criteria for evaluating spuTR 
enrichment was the average sequencing read coverage for spuTR, the number of 
transcripts with a putative template sequence within the mapped library of 
sequencing reads, and the ranking amongst these putative template bearing 
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transcripts.  Anti-TMG IP was the first step of the serial enrichment protocol and 
was repeated in the parallel analysis (Figure 2.1 and 2.3).  This step increased the 
average sequencing coverage of the spuTR by approximately 40 to 50 fold 
compared with total RNA.  The ranking of spuTR amongst putative template 
harboring transcripts was increased to the second most abundant RNA.  
Exonuclease treatment following anti-TMG IP increased spuTR average coverage 
by only 2.7 fold and even less, only 1.2 fold when exonuclease treatment was 
performed on total RNA in placed of anti-TMG purified RNA (Figure 2.3).  The 
ranking of spuTR was unchanged by exonuclease treatment of anti-TMG purified 
RNA while the number of putative template loci was moderately decreased 
compared with anti-TMG purified RNA.  In contrast, exonuclease treatment of 
total RNA moderately improved spuTR abundance while not significantly altering 
the number of putative template loci.  The TERT co-IP of anti-TMG purified and 
exonuclease-treated RNA resulted in spuTR as the most abundant RNA by 
slightly increasing average coverage and moderately decreased the number of 
putative template loci.  The TERT co-IP from total RNA had no significant effect 
on spuTR average coverage, ranking, or the number of putative template loci. 
The effects of the serial and parallel biochemical TR enrichment step on 
the read coverage for each nucleotide position of spuTR and S. purpuratus U2 
snRNA were determined (Figure 2.4).  The biochemical TR enrichment steps had 
no significant effect on the relative read coverage across the length of either 
spuTR or S. purpuratus U2 snRNA.  The anti-TMG purification of total RNA 
dramatically increased the read coverage for S. purpuratus U2 snRNA as well as 
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spuTR, while exonuclease treatment increased read coverage for these RNA only 
slightly.  The TERT co-IP of both anti-TMG exonuclease-treated RNA and total 
RNA decreased the read coverage for S. purpuratus U2 snRNA and had no 
significant effect on spuTR read coverage.  This is consistent with the previous 
result of no dramatic increase in average read coverage or ranking, while reducing 
the number of candidate loci (Figure 2.3). 
 
2.4.  Discussion 
Phylogenetic comparative analysis of TR length, sequence, and structure 
from the major taxa of eukaryotes requires highly effective and efficient means of 
TR identification.  The massive divergence in TRs between evolutionary distinct 
groups of species impairs simple and rapid TR identification.  Conventional 
molecular and bioinformatics techniques are ill-suited for TR discovery.  Thus 
requiring the development of novel approaches, such as biochemical TR 
enrichment combined with RNA-seq, and bioinformatics screening.  These novel 
approaches must be carefully and comprehensively evaluated to discern which 
steps are highly effective and necessary or ineffectual and detrimental. 
The biochemical TR enrichment steps employed for the identification of 
spuTR were faithfully replicated so as to generate intermediate samples to discern 
the effectiveness of the particular step (Figure 2.1).  In addition to this replication 
of the serial enrichment process, the effect of these biochemical steps on spuTR 
abundance and ranking amongst template bearing transcripts in the total RNA was 
evaluated in parallel (Figure 2.1).  The RNA-seq data generated from these serial 
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and parallel enriched samples was computationally screened to generate a 
candidate set of transcripts (Figure 2.2).  These candidate transcripts were 
screened for to eliminate the lack of a putative template that could function for 
telomeric DNA and known or hypothetical genes.  This screening process, 
combined with RNA-seq was able to eliminate the vast majority of transcripts 
from total RNA.  With minor modifications to the bioinformatics search strategy, 
it would seem possible to identify TRs directly from transcriptome sequencing 
data. 
The anti-TMG IP was the critical biochemical enrichment step that lead to 
the identification of spuTR (Figure 2.3).  This step remarkably increased the 
abundance of spuTR from total RNA by approximately 40 to 50 fold.  While the 
exonuclease treatment was only effective for anti-TMG purified RNA.  
Exonuclease treatment of total RNA was presumably ineffective due to the overly 
high abundance of ribosomal RNA which lacks a 5’-guanosine cap.  The vast 
majority of the exonuclease added to total RNA would have been digesting 
ribosomal RNA which is computationally screened for and not included within 
the candidate transcript set (Figure 2.2).  The TERT co-IP was surprisingly 
ineffective for spuTR enrichment from total RNA (Figure 2.4).  This was likely 
the result of the low abundance of spuTR and high abundance of non-specific 
RNAs within the total RNA. 
This analysis of the individual biochemical TR enrichment steps revealed 
that the strategy responsible for the identification of the first invertebrate TR was 
highly dependent on a single enrichment step.  Anti-TMG purification of total 
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RNA prior to RNA-seq analysis would seem to be highly amenable for the 
identification of additional TRs from previously unexplored groups of species.  
Total RNA isolation is a simple, common technique and TMG-capped RNAs are 
only a small fraction of the transcriptome, eliminating a bulk of false-positive 
template harboring transcripts.  However, this is under the assumption that a TMG 
cap is present at the 5’-end of the TR transcript.  In light of the myriad of 
biogenesis pathways employed by TR across species, the TMG cap may not be 
present with the TR employing ancillary means of 5’-end stabilization.  Rapid TR 
identification from important model organisms is critical for the understating of 
the highly divergent TR. 
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Figure 2.1.  Schematic of the multiple-step biochemical enrichment of spuTR 
from total RNA. Serial biochemical enrichment of spuTR (left) was performed 
alongside parallel (right).  TMG-capped (red) RNA was purified from total RNA 
by anti-TMG IP and was then treated with 5’-monophosphate-exonuclease 
(orange) to remove residual uncapped RNA.  Recombinant FLAG-tagged 
spuTERT (blue) synthesized in vitro was affinity-purified from RRL by anti-
FLAG antibody beads and incubated with the TMG-capped exonuclease-treated 
RNA. 
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Figure 2.2.  Bioinformatics screening for spuTR candidates.  Sequencing reads 
were mapped onto the purple sea urchin reference genome.  Mapped loci were 
screened for putative template sequences, resulting in putative template loci.  
Putative template loci matching known or hypothetical genes were discarded, 
resulting in candidate loci.  Inputs (white boxes), processes (gray diamonds), and 
final output (white box) are depicted. 
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Figure 2.3. Efficacy of biochemical enrichment steps for spuTR.  (A) The 
biochemical enrichment steps were performed sequentially, where the anti-TMG 
purified RNA was input for exonuclease treatment and this treated RNA was used 
as input for TERT binding.  (B) The biochemical enrichment steps were 
performed in parallel, with total RNA used as input for anti-TMG IP, 
exonuclease-treatment, and TERT binding.  Read coverage for spuTR in each 
sample and fold enrichment of coverage between samples (curved dashed arrow) 
are indicated. Ranking the spuTR locus and the number of template-containing 
loci were determined by bioinformatics screening (Figure 2.2) and shown for each 
sample.  *The sequencing reads and mapped transcripts from the plasmid vector 
for expressing the spuTERT in RRL were excluded.  
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Figure 2.4.  Sequencing read coverage patterns for spuTR and purple sea 
urchin U2 snRNA following each biochemical step of enrichment.  
Biochemical enrichment steps were performed serially (A and B), with RNA from 
the previous enrichment process used as input for the subsequent enrichment step, 
or independently (C and D), with total RNA as input for all enrichment steps.  
Input total RNA (Total, blue) was biochemically enriched for TR by: 
trimethylguanosine-IP (TMG, orange), 5’-monophosphate-dependent exonuclease 
(Exo, grey), and TERT-affinity co-IP (TERT, yellow). The number of reads at 
each nucleotide position is shown exponentially (log10) for spuTR (A and C) and 
U2 snRNA (B and D). Reads were mapped onto the full-length 535 nt spuTR 
(GenBank JQ684708) and 189 nt U2 snRNA (GenBank NR_002566).  Coverage 
was normalized by the number of reads mapped to the purple sea urchin genome.  
*Sequencing reads from the plasmid vector for expressing the spuTERT in RRL 
were excluded.  
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CHAPTER 3 
DIVERSITY OF ECHINODERM TELOMERASE RNA CENTRAL DOMAIN 
ARCHITECTURE 
 
 
3.1 Introduction  
 The telomerase ribonucleoprotein (RNP) enzyme synthesizes short DNA 
repeats onto linear eukaryotic chromosome termini to offset the persistent loss of 
telomere length, preserving genome stability and cellular replicative capacity 
(Zakian, 2009).  The minimal telomerase enzyme necessary and sufficient for the 
reconstitution of telomerase activity is composed of the catalytic telomerase 
reverse transcriptase (TERT) and the telomerase RNA (TR) component that 
harbors a short template region for telomeric DNA synthesis (Podlevsky & Chen, 
2012).  TRs from evolutionarily distinct groups of eukaryotic species are 
profoundly divergent, differing immensely in nucleotide sequence, length, and 
gross secondary structure (J. J.-L. Chen & C. W. Greider, 2004; Podlevsky et al., 
2008).  These species-specific differences in TR length appear in concert with a 
plethora of species-specific TR binding proteins: RNA helicase RHAU, TCAB1, 
the H/ACA dyskerin protein complex in vertebrates; Est1, Est3, Ku70/80 
heterodimer, and Sm ring complex in fungi; p50 and p65 in ciliates; and box C/D 
Nop58, Snu13 and MTAP (TCAB1 homolog) in flagellates (E. D. Egan & 
Collins, 2012; Gupta et al., 2013; Hughes, Evans, Weilbaecher, & Lundblad, 
2000; Lattmann et al., 2011; J. R. Mitchell et al., 1999; a G Seto et al., 1999; 
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Sexton & Collins, 2011; Singh et al., 2012; Tang, Kannan, Blanchette, & 
Baumann, 2012; Venteicher et al., 2009).  These unique sets of TR accessory 
proteins are essential for TR localization, maturation, and RNP assembly. 
 Despite the massive difference in gross architecture, all known TRs 
contain two universal and indispensable structural domains: the template proximal 
pseudoknot and a stimulatory distal stem-loop moiety (J-L Chen et al., 2000; J. J.-
L. Chen et al., 2002; Qi et al., 2013).  Within vertebrate TR, the distal stem-loop 
moiety has been termed CR4/5 (conserved regions 4 and 5) and a remarkably 
similar structure with an identical function has been found absolutely conserved 
in the evolutionary distant filamentous fugal TR.  As expected from the close 
proximity of echinoderms to vertebrates, the first invertebrate TR identified from 
the species Strongylocentrotus purpuratus (purple sea urchin) was found to harbor 
a similar template proximal pseudoknot structure (Y. Li et al., 2013).  
Additionally in common with vertebrate TRs, the S. purpuratus TR (spuTR) 3’-
end is comprised of a box H and ACA flanked stem-loop moiety with a CAB box.  
This highly similar H/ACA domain is presumably employed for a TR biogenesis 
pathway that is comparable to vertebrate TR.  Unexpectedly, a corresponding 
structure to the vertebrate TR CR4/5 could not be found within the central domain 
of spuTR and instead this region of the RNA is predicted to form two large 
helices.  Numerous additional TR sequences are necessary to confirm the validity 
of the predicted spuTR central domain secondary structure and determine the 
extent of conservation within echinoderms. 
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 The identification of additional necessary TR sequences from echinoderms 
is complicated by the high sequence variation of TRs across even closely related 
groups of species which prevents degenerate PCR-based strategies (J-L Chen et 
al., 2000; Podlevsky & Chen, 2012).  Biochemical enrichment protocols and 
computational screening methodologies have recently been developed to improve 
the rate of TR identification from previously unexplored groups of species 
(Cifuentes-Rojas et al., 2011; Carol W Greider & Blackburn, 1989; Gunisova et 
al., 2009; Leonardi et al., 2008; Y. Li et al., 2013; Mozig et al., 2007; Qi et al., 
2013; Webb & Zakian, 2008; Xie et al., 2008).  Unfortunately, the vast majority 
of these tools are incompatible with TR identification from echinoderms, relying 
on established genetic tools, small genome size, abundant telomerase enzyme, and 
exceedingly large template length.  Furthermore, the purple sea urchin is the only 
reported echinoderm with an assembled mature draft genome with scant 
additionally echinoderm genomes either in early assembly and not publically 
available, currently being sequenced, or as a targeted future project (Cameron, 
Kudtarkar, Gordon, Worley, & Gibbs, 2015; Sodergren et al., 2006).  The scarcity 
of completed and available echinoderm genomes prevents the targeting syntenic 
protein genes flanking the TR gene for identification, which has been successfully 
employed for several sensu stricto Saccharomyces species (Dandjinou et al., 
2004).  Thus, ancillary avenues of TR identification are necessary for the 
identification of additional echinoderm TRs to elucidate the exceedingly 
divergent central domain architecture of spuTR. 
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Herein reported is the identification of numerous additional echinoderm 
TRs which have substantially broadened known TRs for the sea urchin lineage 
and expanded into the sister class of brittle stars as well as putatively into the 
ancestral echinoderm class of feather stars.  Sand dollar and brittle star TRs were 
identified initially from RNA-seq size-selected RNA with additional echinoderm 
TRs identified from publically available data within the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA).  Comparative 
analysis revealed that these newly discovered echinoderm TRs shared similar 
pseudoknot and H/ACA domains with vertebrate TRs.  Sand dollar and additional 
sea urchin TRs have provided phylogenetic comparative support for two large 
helical structures in the central domain of spuTR.  Unexpectedly, the brittle star 
TR central domain was found to be far smaller than that located in sea urchin and 
sand dollar TRs, and composed of a single helical structure which is supported by 
structural analysis.  Despite the ancestry of a functionally equivalent vertebrate-
like CR4/5 structural element with evolutionary distant filamentous fungal TRs 
(Qi et al., 2013), echinoderm demonstrate the innate molecular flexibility of the 
telomerase RNP to maintain function while quickly diverging in sequence and 
structure of integral TR domains. 
 
3.2 Materials and Methods 
Isolation of total RNA.  Gonad tissue was dissected from live Dendraster 
excentricus, Ophioderma panamense, and Ophiocoma echinata (Live Aquaria, 
Rhinelander, WI).  Total RNA was isolated from gonads using TRI-Reagent 
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(Molecular Research Center, Inc) following the manufacturer’s instructions 
appended with an acid phenol extraction step prior to chloroform extraction and 
ethanol precipitation.  RNA quality was determined by electrophoresis on a 1% 
agarose/formaldehyde denaturing gel. 
RNA preparation and RNA-seq.  Ten micrograms of total RNA for D. excentricus 
and O. panamense was electrophoresed on a 4% polyacrylamide/8 M urea 
denaturing gel.  The gel section corresponding to between 300 and 750 nt was 
excised and RNA eluted from the gel slice was ethanol precipitated.  The size-
selected total RNA was used for cDNA library construction with the ScriptSeq v2 
RNA-Seq Library Preparation Kit (Epicentre) following the manufacturer’s 
instructions. The cDNA libraries were constructed with ScriptSeq Index PCR 
Primers (Epicentre) and the indexed cDNA libraries were pooled for a single 
multiplexed single-end 50 bp sequencing run on an Illumina HiSeq 2000. 
Sequence alignment analysis.  The multiple sequence alignment of vertebrate and 
echinoderm TRs was performed within the program BioEdit using the ClustalW 
algorithm for the first-pass of the alignment.  The alignments were further refined 
manually with highly conserved regions and known motifs as anchor points and 
co-variation of predicted helices.  The alignment was performed initially between 
closely related species and expanded to include sequences from more divergent 
species. 
Bioinformatics analysis of sequencing data.  The pooled sample was de-
multiplexed and de novo assembled using the Trinity assembly program with 
default parameters (Grabherr et al., 2011; Haas et al., 2013).  The assembled 
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transcripts were searched exclusively in the sense-strand with a search pattern 
generated in the Fragrep2 program from the multiple sequence alignment of 
vertebrate and echinoderm TRs annotated for regions of high conservation in 
vertebrate TR pseudoknot which corresponded with 4 sea urchin TRs to generate 
a search pattern (Figure 3.1 and Appendix A).  This search pattern was then 
modified for a more degenerate search.  Transcriptome and genome data from 
NCBI SRA (Appendix B) was de novo assembled using the Trinity assembly 
program and searched with the Fragrep2 program (Cameron, Samanta, Yuan, He, 
& Davidson, 2009; Reich, Dunn, Akasaka, & Wessel, 2015). 
Characterization of echinoderm TRs.  The 5’- and 3’-ends of D. excentricus, O. 
panamense, and O. echinata TRs were determined by Rapid Amplification of 
cDNA Ends (RACE) using the FirstChoice RLM-RACE kit (Ambion).  For all 
other echinoderm TRs identified in this study, the 3’-end was determined as three 
nucleotides downstream of the box ACA motif as previously described (J-L Chen 
et al., 2000). 
SHAPE RNA preparation.  The central domain of Ophiocoma echinata TR was 
PCR amplified with primers to append the 5’- and 3’-ends with SHAPE-specific 
adapter sequences, as previously described (Wilkinson, Merino, & Weeks, 2006).  
These PCR products were used as templates for in vitro transcription.  The 
adapter appended RNA was gel purified and ethanol precipitated. 
SHAPE analysis.  Two picomoles of central domain of Ophiocoma echinata TR 
with SHAPE adapters in 0.5x TE buffer, pH 8.0 was denatured at 95ºC for 2 min 
and immediately placed on ice for 2 min.  The RNA was supplemented with a 
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final concentration 1x RNA folding mix (100 mM HEPES, pH 8.0, 6 mM MgCl2, 
100 mM NaCl), incubated at 30ºC for 20 min, and divided in half.  The RNA was 
treated with either 6.5 mM N-methylisatoic anhydride (NMIA) (Sigma) in 
anhydrous DMSO or DMSO, incubated at 30ºC for 1 hour and 25 min (5 NMIA 
hydrolysis half-lives), and ethanol precipitated.  One picomole of 32P kinased 
primer was added to treated RNA or 1 pmol untreated RNA in 0.5x TE buffer, pH 
8.0 and incubated at 65ºC for 5 min, 35ºC for 5 min, then placed on ice.  The 
mixture was supplemented with 1x SuperScript III First-strand buffer (50 mM 
Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2), 5 mM DTT, 0.5 mM each dNTP, 
and 0.75 mM ddGTP or ddATP for the untreated RNA, followed by incubation at 
52ºC for 1 min, addition of 100 U SuperScript III RT (Life Technologies), and 
incubation at 52ºC for 10 min.  Alkaline hydrolysis was performed with a final 
concentration of 200 mM sodium hydroxide and incubation at 95ºC for 5 min and 
stopped by the addition of Acid Stop solution (77 mM unbuffered Tris-HCl, 32% 
formamide, 8 mM EDTA) incubated at 95ºC for 5 min.  The DNA products were 
resolved on a 6.8% polyacrylamide/8M urea denaturing gel, dried, exposed to a 
phosphorstorage screen, and imaged on a phosphorimager FX-Pro (Bio-Rad).  
NMIA reactivity was normalized by subtracting the lowest intensity value from 
all positions, followed by subtracting the intensity values of the DMSO control 
from the corresponding NMIA reaction. 
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3.3 Results 
 The identification of the first invertebrate TR from the echinoderm S. 
purpuratus (purple sea urchin) revealed a peculiar conservation and loss of 
vertebrate TR features (Y. Li et al., 2013).  Despite the close evolutionary 
relationship between vertebrates and echinoderms, the absolutely critical 
vertebrate CR4/5 domain was absent from spuTR yet was found to be conserved 
in evolutionary distant filamentous fungi (Qi et al., 2013).  Attempts for the 
identification of additional echinoderm TRs from outside the sea urchin linear has 
been meet with limited success, with only three additional sea urchin TRs 
identified from species very closely related to S. purpuratus: Lytechinus 
variegatus, Mespilia globulus, and Arbacia punctulata (Y. Li, 2011).  To expand 
outside of sea urchins within the echinoderm lineage, total RNA isolated from 
sand dollar (Dendraster excentricus) and Panamanian serpent star (Ophioderma 
panamense) gonadal tissues were subjected to RNA-seq following size-selection 
by polyacrylamide gel electrophoresis for depletion of ribosomal RNA, protein 
coding mRNA, and other small RNAs. 
As a TR search strategy, the pseudoknot domain from the four closely 
related sea urchin species were analyzed for highly conserved regions coinciding 
with conserved regions within the vertebrate pseudoknot domain (Figure 3.1A).  
Regions of high sequence conservation were restricted to the template and triple 
helix which overlaps with base-paired regions P2b and P3 (Figure 3.1B).  The 
absolutely conserved P2b base-pairs UG:AC in the vertebrate pseudoknot 
(Appendix A) (J-L Chen et al., 2000; Xie et al., 2008) had a transversion 
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substitution to an AG:UC base-pair in the P2b of the four sea urchin TR 
pseudoknots (Figure 3.2).  The de novo assembled size-selected transcriptomes of 
sand dollar and Panamanian serpent star were searched with position-specific 
weight matrices (PWM) based on the urchin template, P2b, and P3 sequences and 
retuned a single hit for each species.  Characterization of the 3’-ends by RACE 
revealed H/ACA domains.  The 5’-ends these TRs were well sequenced as 
confirmed by 5’-RACE. 
The newly identified sand dollar and Panamanian serpent star TR 
pseudoknots were added to the urchin search pattern for querying de novo 
assembled publically available SRA data (Appendix B).  With only minor 
modifications to augmented search patterns, seven additional TRs were identified 
from two echinoderm classes: Echinoidea, sea urchins and sand dollars; and 
Ophiuroidea, brittle stars (Figure 3.3).  A feather star (Anneissia japonica) TR 
from the basal echinoderm class Crinoidea was putatively found, however, poor 
sequencing coverage and unavailability of tissue, DNA, or total RNA has 
prevented validation and characterization of this TR.  The blunt spined brittle star 
(Ophiocoma echinata) TR candidate displayed apparent sequencing artifacts, 
which included a perfect repetition of the 5’-150 nt, and the numerous and highly 
degenerate alternative 3’-end variants (Appendix C).  5’- and 3’-RACE for blunt 
spined brittle star TR produced a single transcript, lacking these artifacts and 
showing considerable homology to the two other brittle star TRs.  With these 
newly identified echinoderm TRs, a multiple sequence alignment was performed 
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independently for the three structural TR domains: pseudoknot, central domain, 
and H/ACA (Appendix D). 
 The TR pseudoknot from purple sea urchin was found to share the general 
structure common to the vertebrate TR pseudoknot, with the inclusion of a short 
template adjacent helix, termed P1.1 (Y. Li et al., 2013).  The secondary structure 
of the human pseudoknot was compared with that of the purple sea urchin 
pseudoknot constructed with the conservation the primary sequences of other 
urchins and sand dollar, as well as co-variation support for helical regions was 
compared (Figure 3.4A, B, and Appendix E) (J-L Chen et al., 2000; Podlevsky et 
al., 2008; Xie et al., 2008).  The template adjacent P1.1 has limited primary 
sequence conservation, instead co-variation supports a five base-pair helix 
throughout the Echinoidea class.  Similarly, the pseudoknot of the blunt spined 
brittle star was constructed (Figure 3.4C).  Intriguingly, the P1.1 helix is less 
conserved in brittle stars, having seemingly lost in spiny brittle star (Ophiothrix 
spiculata) TR which more resembles the vertebrate pseudoknot. 
 To discern the structure of the central domain, a multiple sequence 
alignment this region was performed for the newly identified sea urchin and sand 
dollar TRs with spuTR central domain (Appendix D).  The vertebrate CR4/5—
essential for telomerase activity—has high sequence conservation, while the 
remainder of the vertebrate central domain is significantly lower conservation 
(Figure 3.5A) (J-L Chen et al., 2000; Podlevsky et al., 2008; Xie et al., 2008).  
There was low sequence conservation in the alignment for the region 
corresponding to spuTR helix P4.1, predicted by the mFold program (Figure 
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3.5B) (Zuker, 2003).  In contrast, there was significantly higher sequence 
conservation in the mFold predicted helices P5 and still greeter conservation in 
P6.  P6 had been shown to harbor a region that was functionally equivalent to 
vertebrate CR4/5 (Y. Li et al., 2013).  No regions to sequence homology were 
found in the shorter brittle star TR central domain for either the vertebrate or sea 
urchins (Appendix D).  To discern the structure for this region of the brittle star 
TR, selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE) was 
performed with the blunt spined brittle star TR central domain (Figure 3.5C and 
Appendix F).  RNA flexibility with single-nucleotide resolution strongly 
supported the blunt spined brittle star TR central domain folding into a single 
helical structure.  Co-variation from the other two identified brittle star central 
domains further supported a single helical structure, contrasting sharply with the 
central domains of vertebrate and sea urchin TRs (Figure 3.5). 
 The structure of the H/ACA domain from spuTR aligned well with the 
vertebrate TR counterpart, with the exception of teleost fish which lack an 
obvious CAB box (Y. Li et al., 2013; Xie et al., 2008).  As would be expected, the 
newly identified sea urchin, sand dollar, and brittle star TR H/ACA domains 
retained the, named for, box H and ACA moieties (Figure 3.6).  Despite the CAB 
box being a highly degenerate sequence for RNA localization to Cajal bodies 
(Richard et al., 2003), this moiety is found in the apical loop of the H/ACA 
second helix of all identified echinoderm TRs from this study.  The presence of 
the canonical H/ACA moieties throughout Echinodermata suggests that a similar 
biogenesis pathway for TR maturation is employed.  3’-RACE for select 
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echinoderm TR species revealed processing of the 3’-end of the TR three 
nucleotides past the box ACA, as reported for small nucleolar (sno-) and small 
Cajal body (sca-) RNAs and vertebrate TRs (Balakin, Smith, & Fournier, 1996; J-
L Chen et al., 2000), and suggesting a similar mechanism for echinoderm TRs. 
 
3.4 Discussion 
 The initial identification of spuTR was found to have several structural 
domains with strong seminaries to vertebrate TR and could be well aligned with 
vertebrate TR sequences (Figure 3.2).  However, the central domain differed 
dramatically in primary sequence and predicted secondary structure did not 
resemble the essential vertebrate CR4/5 domain (Figure 3.7, Appendix D and E).  
Functional analysis discovered that a small region within the second large helix 
performed similar to the vertebrate CR4/5, termed like-CR4/5 (LCR4/5) in 
echinoderms, stimulated telomerase activity (Figure 3.5) (Y. Li et al., 2013).  
Despite the importance of LCR4/5 for telomerase activity, structure determination 
was impeded by the lack of additional echinoderm TR sequences for phylogenetic 
comparative analysis. 
 A modified strategy for TR identification was necessary due to the unique 
challenges within the echinoderm lineage.  This includes the scarcity of 
completed and available echinoderm genomes and transcriptomes, cloned TERT 
proteins, and verification of a 5’-TMG cap for additional echinoderm TRs, a 
feature that has been experimentally verified for TRs from vertebrate and yeast 
lineages (Jády et al., 2004; a G Seto et al., 1999).  As a more direct search 
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strategy, size-selected total RNA was sequenced and search with a TR search 
pattern derived from the few urchin TRs identified from species close related to S. 
purpuratus and the comparative analysis against the highly conserved regions 
within the vertebrate pseudoknot domain (Figure 3.1 and 3.2).  This echinoderm 
TR search pattern proved sufficiently robust to identify TRs, from size-selected 
sand dollar and Panamanian serpent star total RNA as well as completely 
unenriched for TR total RNA from publically available databases (Figure 3.3). 
 Phylogenetic comparative analysis of these newly identified echinoderm 
TRs revealed many of the idiosyncratic and peculiar features with spuTR are 
well-conserved across the echinoderm lineage.  The template adjacent P1.1, 
which is not present in vertebrates and not well-conserved in primary sequence 
within echinoderms, structure is present within all known sea urchin and sand 
dollar TRs (Figure 3.4).  Unexpectedly, there is an apparent divide within brittle 
stars for the presence of P1.1, with the spiny brittle star lacking this structure.  
The lack of this structure within this echinoderm pseudoknot domain more closely 
resembled the vertebrate TR structure.  Furthermore, the universal presence of a 
CAB box in the apical loop of the H/ACA stem-loop strongly suggests 
echinoderm TR biogenesis relies on Cajal body localization, a seemingly 
universal feature of vertebrate TRs with the possible exception of teleost fish TR 
(Figure 3.6) (Xie et al., 2008). 
 Analysis of the central domain from newly identified urchin and sand 
dollar TRs provided the much needed sequence and co-variation support for two 
large helical structures within spuTR (Figure 3.5).  The identification of brittle 
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star TRs proved fortuitous for the discovery of yet another novel structure central 
domain structure within echinoderm TRs.  This unprecedented diversity in an 
essential, and commonly highly conserved region of the TR, demonstrates rapid 
TR evolution.  For the maintenance of telomerase function, corresponding 
changes are presumably necessary within the TERT protein.  The discovery of the 
TERT proteins for these newly discovered TRs will assuredly provide a wealth of 
information regarding RNA-protein compensatory changes and RNP formation 
within the context of a rapidly evolving system. 
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Figure 3.1.  Bioinformatics search strategy for echinoderm TRs.  (A) 
Sequence conservation of vertebrate and sea urchin TR pseudoknots.  Consensus 
sequences of the template, base-paired region 2b (P2b), and P3 are derived from 
the multiple sequence alignment in Figure 3.2 and presented as a Sequence Logo.  
Numbers between dashed lines denote the span between each element.  (B) 
Consensus secondary structure of the vertebrate and sea urchin pseudoknots (PK).  
Invariant residues are denoted in the consensus vertebrate PK secondary structure 
with corresponding invariant residues denoted within the sea urchin PK secondary 
structure.  
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Figure 3.3.  Phylogenetic relationship of chordates and echinoderms.  The 
vertebrate lineage (phylum Chordata, light orange) is closely related to 
echinoderm lineage (light blue).  Echinodermata is comprised of the sister classes 
Echinoidea (sea urchins and sand dollars) together with Ophiuroidea (brittle stars) 
and the ancestral class Crinoidea (sea lilies and feather stars).  Five sea urchins, a 
sand dollar (D. excentricus), and three brittle star species TRs were identified in 
this study (*).  A putative feather star TR was identified with insufficient 
sequencing data for confirmation (**).  Relationship between echinoderm species 
is based on six protein coding genes (Perseke, 2010).  Line length does not 
represent evolutionary distance.  
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Figure 3.4.  The echinoderm TR pseudoknot domain architecture includes a 
well-conserved template adjacent helix.  Comparison of reprehensive TR 
pseudoknot domains from vertebrate, human (A); sea urchin, purple sea urchin 
(B); and brittle star, blunt spined brittle star (C).  The hallmark triple helix within 
the TR pseudoknot (green) is denoted within each structure.  Co-variation (black 
bar), invariant (red) and >80% conserved (orange) nucleotides for vertebrate, sea 
urchin, and brittle star pseudoknots based on multiple sequence alignment of 42 
vertebrate (J-L Chen et al., 2000; Podlevsky et al., 2008; Xie et al., 2008), 9 sea 
urchin, and 3 brittle star species (Appendix A and D).  
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Figure 3.5.  Divergence in the essential TR central domain architecture 
between vertebrates, sea urchins and brittle stars.  Comparison of 
reprehensive TR central domains from vertebrate, human (A); sea urchin, purple 
sea urchin (B); and brittle star, blunt spined brittle star (C).  The minimal function 
element for the stimulation of telomerase activity is CR4/5 and LCR4/5 in 
vertebrate and sea urchin TR (open box) and functionally unverified region 
LCR4/5 in brittle star TR (dashed box).  Co-variation (black bar), invariant (red) 
and >80% conserved (orange) nucleotides for vertebrate, sea urchin, and brittle 
star central domains based on multiple sequence alignment of 42 vertebrate (J-L 
Chen et al., 2000; Podlevsky et al., 2008; Xie et al., 2008), 10 sea urchin, and 3 
brittle star species (Appendix A and D).  The brittle star LCR4/5 structure 
analyzed by SHAPE with flexibility (high, dark blue; low, light blue circles) and 
rigidity (no circle) denoted on the secondary structure (Appendix F).  
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Figure 3.6.  The vertebrate TR H/ACA domain is well-conserved throughout 
echinoderms.  Comparison of reprehensive TR H/ACA domains from vertebrate, 
human (A); sea urchin, purple sea urchin (B); and brittle star, blunt spined brittle 
star (C).  The namesake box H and ACA moieties (open boxes) are present in 
echinoderm TRs with the full-length 3’-end identified.  The CAB box (open box), 
which is either lost or cryptic in teleost fish TR, is present in all full-length 
echinoderm TRs.  Co-variation (black bar), invariant (red) and >80% conserved 
(orange) nucleotides for vertebrate, sea urchin, and brittle star pseudoknot based 
on multiple sequence alignment of 42 vertebrate (J-L Chen et al., 2000; Podlevsky 
et al., 2008; Xie et al., 2008), 9 sea urchin, and 3 brittle star species (Appendix A 
and D).  
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Figure 3.7.  The central domain of vertebrate and echinoderm TRs is 
functionally equivalent yet structurally divergent.  Schematic comparison of 
reprehensive TRs for vertebrate, human (A); sea urchin, purple sea urchin (B); 
and brittle star, blunt spined brittle star (C).  Vertebrate and echinoderm TRs 
comprise three structural domains: the template proximal pseudoknot (blue), 
(L)CR4/5 (red), and H/ACA (orange) domain.  Brittle star LCR4/5 essential 
domain has yet to be determined (dashed line). Numbers below each schematic 
denote the known and putative (*) size ranges for TRs within each group. 
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CHAPTER 4 
FUNCTIONAL ANALYSIS OF PROTIST TELOMERASE RNA REVEALS A 
CHIMERIC RNA STRUCTURE 
 
 
4.1.  Introduction  
 The emergence of linear chromosomes within eukaryotes prompted the 
evolution of telomere structures and the enzyme tasked with telomere length 
maintenance, telomerase (de Lange, 2004; Zakian, 2009).  Telomeres are 
specialized protective end-capping nucleoprotein complexes which safeguard 
against genome instability and afford replicative capacity to the cell (de Lange, 
2005; Price et al., 2010).  The core telomerase ribonucleoprotein (RNP) enzyme 
comprises the catalytic telomerase reverse transcriptase (TERT) and integral 
telomerase RNA (TR) component that harbors the template for DNA synthesis 
(Podlevsky & Chen, 2012).  TRs are astoundingly divergent in sequence, size, and 
secondary structure seemingly owing these inherent differences to the profusion 
of species-specific TR binding proteins (Podlevsky et al., 2008). 
 Despite these considerable disparities among TRs from evolutionarily 
distinct groups of species, there has been progress towards the identification of 
common, essential TR structural elements.  TRs with determined secondary 
structures universally harbor a template proximal pseudoknot and distal stem-loop 
moiety (E. H. Blackburn & Collins, 2010; J. Lin et al., 2004; Qi et al., 2013).  The 
distal stem-loop moiety having been discovered independently with several 
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groups of species has been termed conserved regions 4 and 5 (CR4/5) in 
vertebrates, three-way-junction (TWJ) in yeasts, helix IV in ciliates, and paired 
regions 6 and 6.1 (P6/6.1) in filamentous fungi.  Apart from the gross architecture 
of the intersection of three helices, yeast TWJ has little similarity to vertebrate 
CR4/5 (Brown et al., 2007).  The identification of filamentous fungal TR 
reconciled fungal and vertebrate distal stem-loop moieties (Qi et al., 2013).  The 
filamentous fungal P6/6.1 remarkably resembles vertebrate CR4/5 and is similarly 
essential for telomerase activity.  The prevalence as well as structural and 
functional conservation between the distantly related vertebrate and fungal TRs 
strongly suggests a similar element was present in the vertebrate and fungal 
common ancestor TR. 
Resolving the disparities between ciliate, fungal, and vertebrate TRs to 
discern the origins of TR and features common to all TRs has been challenging.  
Despite being the first TR to be identified, TRs from ciliates are highly atypical 
(Carol W Greider & Blackburn, 1987).  Ciliate TRs are transcribed by RNA 
polymerase (pol) III and contain a terminal polyU tract, while vertebrate and 
fungal TRs are transcribed by RNA pol II with the polyA tract removed by 
nucleolytic cleavage (Jessica a Box et al., 2008; Chapon et al., 1997; J-L Chen et 
al., 2000; Kannan et al., 2015; McCormick-Graham & Romero, 1995; J. R. 
Mitchell et al., 1999; Qi et al., 2015).  The recently identified TR from the 
flagellated protozoan Trypanosoma brucei was found to be transcribed by RNA 
pol II and trans-spliced for maturation with a spliced leader RNA common to 
Trypanosoma mRNAs (Gupta et al., 2013; Sandhu et al., 2013).  Additionally, T. 
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brucei TR (tbrTR) contains canonical snoRNA box C/D moieties and is bound by 
box C/D core proteins Nop58 and Snu13.  Flagellated protozoans are considered 
amongst the earliest branching eukaryotes (Lukeš, Hashimi, & Zíková, 2005), 
strongly supporting the ancestry of the pol II machinery for TR transcription.  
Thus far, precious little knowledge of essential elements within tbrTR has been 
determined due to the little sequence conservation and few flagellated protozoan 
TRs available. 
Herein reported is the functional analysis of tbrTR which has revealed the 
minimal regions with unanticipated chimeric features of ciliate, fungal, and 
vertebrate TRs.  Interestingly, the majority of tbrTR is dispensable for telomerase 
activity. Similar to vertebrate and fungal TRs, tbrTR contains two domains 
independently bound by the TERT protein.  SHAPE analysis supports a 
pseudoknot structure highly resembling that found in ciliate TRs.  Apart from all 
known TR secondary structures, the template distal stem-loop moiety is 
composed of an absolutely conserved three nucleotide stem-loop flanked by an 
apical and internal loop critical for the stimulation of telomerase activity.  
Together, this suggests that the common ancestor for all current and past TRs 
contained two domains independently bound by the TERT protein and that the 
pseudoknot was less structurally defined, similar to ciliate pseudoknots, and 
evolved into a more well defined feature within higher eukaryotes. 
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4.2.  Materials and Methods 
Largest tbrTR variant cloning.  The largest tbrTR variant-2 (Appendix G) was 
PCR amplified from Trypanosoma brucei genomic DNA (see Appendix H for 
primers used) and blunt-end ligated into pCR4-TOPO vector (Invitrogen).  The 
sequence of the full-length tbrTR variant-2 was confirmed and this plasmid was 
used as template for PCR amplification of various templates to discern critical 
regions in tbrTR for activity. 
Reconstitution of T. brucei telomerase enzyme.  Recombinant tbrTERT protein 
was synthesized from pCITE-NFLAG-tbrTERT in a 5 µL reaction of TnT Quick-
coupled transcription/translation kit (Promega) at 30°C for 60 min, following the 
manufacturer’s instructions.  Various tbrTR RNA fragments were in vitro 
transcribed, gel purified, and added at a final concentration of 1 µM to assemble 
with tbrTERT in RRL. 
Telomerase direct primer-extension activity assay.  Telomerase activity was 
assayed without amplification by the direct primer-extension activity assay 
(Cohen & Reddel, 2008).  A 10 µL reaction was performed with 2 µL in vitro 
reconstituted T. brucei telomerase in 1x telomerase reaction buffer (50 mMTris-
HCl pH 8.3, 2 mM DTT, 0.5 mM MgCl2, 1 mM spermidine), 100  µM dTTP, 100 
µM dATP, 5 µM dGTP, 0.165 µM α-32P-dGTP (3000 Ci/mmol, 10 mCi/ml, 
Perkin-Elmer) and 1 µM (TTAGGG)3 DNA primer.  The reaction was incubated 
at 30°C for 1 h and terminated by phenol/chloroform extraction followed by 
ethanol precipitation.  The telomerase extended products were electrophoresed on 
a 10% polyacrylamide/8 M urea denaturing gel, and the dried gel was exposed to 
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a phosphorstorage screen and analyzed with a Molecular Imager FX-Pro (Bio-
Rad). 
SHAPE RNA preparation.  The minimal tbrTR pseudoknot or 3’-fragment were 
PCR amplified with primers to append the 5’- and 3’-ends with SHAPE-specific 
adapter sequences, as previously described (Wilkinson et al., 2006).  These PCR 
products were used as templates for in vitro transcription, gel purified, and 
ethanol precipitated. 
SHAPE analysis.  Two picomoles of each tbrTR minimal fragment with SHAPE 
adapters in 0.5x TE buffer were assayed for reactive nucleotide positions and final 
reactive intensities calculated as described previously in Chapter 3 materials and 
methods, section 3.3.6. 
Sequence alignment analysis. Corresponding regions of the minimal tbrTR 
pseudoknot and 3’-fragment were excised from T. congolense (GenBank 
CAEQ01001861), T. vivax (GenBank HE573027), and T. cruzi (GenBank 
CH473328) genome data.  Multiple alignment of these 4 Trypanosoma TRs was 
performed within the program BioEdit using the ClustalW algorithm for the first-
pass of the alignment.  The alignments were further refined manually with highly 
conserved regions and known motifs as anchor points and co-variation of 
predicted helices based on SHAPE analysis. 
Identification of Trypanosoma grayi TR.  Each strand of the draft genome of 
Trypanosoma grayi (Kelly, Ivens, Manna, Gibson, & Field, 2014) was searched 
with a search pattern generated in the Fragrep2 program from the multiple 
sequence alignment of the 4 Trypanosoma TRs annotated for regions of high 
74 
conservation within the pseudoknot and 3’-fragment.  The T. grayi TR was added 
to the multiple sequence alignment of the pseudoknot and 3’-fragment from 
Trypanosoma TR species. 
 
4.3.  Results 
 TR from the flagellated protozoans Trypanosoma and Leishmania have 
been recently reported as approximately 1 and 2 Kb RNA transcripts (Gupta et al., 
2013; Sandhu et al., 2013; Vasconcelos et al., 2014).  Phylogenetic co-variation 
studies for protozoan TR is complicated by absence of conserved regions between 
these two genera and even amongst Trypanosoma or Leishmania species.  To 
overcome these impediments, T. brucei telomerase was reconstituted in vitro from 
T7 transcribed mature tbrTR and RRL expressed tbrTERT protein (Figure 4.1A).  
This synthetic T. brucei telomerase was assayed for telomerase activity by the 
direct primer-extension assay and generated the characteristic six nucleotide 
ladder banding pattern (Figure 4.1B, lanes 1 and 4).  The end of the tbrTR 
template encodes for two additional nucleotides compared to the human TR 
template when assayed with the DNA primer (TTAGGG)3.  As negative controls 
to ensure DNA products were from telomerase-specific activity, reactions were 
performed without tbrTR, without the tbrTERT protein, with RNase-A was added 
to degrade tbrTR, or heated to denature the TERT protein (Figure 4.1B, lanes 2, 
3, 5, and 6).  As expected, the negative controls failed to generate the telomerase-
specific ladder banding pattern.  Two larger tbrTR variants identified previously 
identified by 5’- and 3’-RACE were also examined for the reconstitution of 
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telomerase activity (Figure 4.1A).  These variants generated marginally less 
activity with tbrTERT, likely the result of RNA misfolding (Figure 4.1C, lanes 2-
4).  Together, these data demonstrate the in vitro reconstitution of T. brucei 
telomerase activity.  
To discern the regions within tbrTR necessary and sufficient for 
telomerase activity, serial truncations were introduced into the 5’- and 3’-ends of 
the RNA (Figure 4.2A).  All truncations from the 3’-end, Fragments A-C, equally 
severely reduced telomerase activity (Figure 4.2B, lanes 1-4).  Fragment D, 
truncating 150 nt from the 5’-end, retained a similar levels of telomerase activity 
to full-length tbrTR, while the removal of 300 nt in Fragment E had no detectable 
telomerase activity despite retention of the template for telomeric DNA synthesis 
(Figure 4.2B, lanes 1, 5, and 6).  The combination of 5’- and 3’-truncations, 
Fragments F-K, displayed similar reductions in telomerase activity to the single 
truncation counterparts (Figure 4.2B, lanes 1, 7-12).  Thus the first 150 nt of 
tbrTR is seemingly dispensable for telomerase activity, while the 3’-end appears 
to harbor important element(s). 
 Since the ends of tbrTR appear to contain essential element(s) for 
telomerase activity, the central region was investigated for regions dispensable to 
telomerase activity.  The tbrTR RNA was independently transcribed as three 5’- 
and three 3’-fragments, 5F1-3 and 3F1-3, corresponding to tbrTR cleaved into 
two fragments (Figure 4.3A).  The largest 3’-fragement lacking the template for 
telomeric DNA synthesis generated no discernable telomerase activity and the 
largest 5’-fragment alone generated minimal activity (Figure 4.3B, lanes 1 and 2).  
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The 5’- and 3’-fragments added in trans, so as to retain the complete sequence of 
tbrTR, generated comparable levels of activity to Fragment D as well as the 
combination of fragments 5F3 and 3F1 to introduce a 200 nt internal truncation in 
tbrTR (Figure 4.3B, lanes 3-9).  With this trans 5’/3’-fragment tbrTR system, 
these fragments were serial truncated at approximately 50 nt intervals from each 
end (Figure 4.3C).  Fragments 5F1a and 5F1d, removing approximately 100 nt 
and 50 nt from the 5’- and 3’-ends, respectively retained comparable telomerase 
activity to 5F3 (Figure 4.3D, lanes 1, 2, and 5).  The smaller 50 nt truncations, 
fragment 3F3a and 3F3c, significantly reduced telomerase activity compared with 
the 3F3 fragment (Figure 4.3D, lanes 1, 7, and 9).  The 100 nt truncations, 
fragments 3F3b and 3F3d, completely abolished the stimulatory effect of the 3F3 
fragment entirely (Figure 4.3D, lanes 8, 10, and 11). 
 To generate the smallest 5’-fragment of tbrTR, the 5F1a and 5F1d 
truncations were combined to form fragment 5F1i (Figure 4.4A).  Minor 15 nt, 
fragments 5F1e and 5F1g, as well as 30 nt, fragments 5F1f and 5f1g, truncations 
were also generated verify this as the smallest functional tbrTR 5’-fragment.  
Unexpectedly, fragment 5F1i displayed significantly greater activity than 5F1, 
possibly through the removal of regions that were poorly folded in that fragment 
(Figure 4.4B, lanes 1 and 6).  The further truncated fragments 5f1e-h failed to 
display a similar increase, or displayed a significant decrease, in activity as 5F1i, 
supporting 5F1i as the minimal 5’-fragment (Figure 4.4B, lanes 2-6).  Truncations 
to the 3’-fragment, 3F3e-i, retained a stimulatory effect on activity with fragment 
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3F3h generating the highest stimulatory effect (Figure 4.4A and B, lanes 7-12).  
This suggests dispensable regions are still present in the tbrTR 3’-fragment. 
The design of further truncations for the tbrTR 3’-fragment were 
facilitated by prediction of the tbrTR 3’-fragment secondary structure.  The 
mFold program (Zuker, 2003) predicted the 164 nt 3F3h fragment would fold into 
a principally singular helical structure (Figure 4.5A).  Serial truncations of the 
tbrTR 3’-fragment were generated from the base, fragments 3F3j-m, or apical 
loop, 3F3α-β, of this putative stem-loop structure (Figure 4.5A and B).  The apical 
loop truncations were capped by the common tetraloop ‘GNRA’, specifically the 
sequence ‘GAAA’ to preserve the putative helical structure (Jaeger et al., 1994).  
Fragments 3F3j-l retained their stimulatory effect on telomerase activity, with 
3F3m providing a decreased effect potentially from the loss of the basal stem-loop 
structure (Figure 4.5C, lanes 1-6).  The apical loop truncations, 3F3α-β, 
completely abolished any stimulatory effect from the 3’-fragment, despite the 
presence of the remaining helix (Figure 4.5C, lanes 7-8).  Thus, the apical loop 
and a short helix, comprising minimally 39 nt is the functional region with the 3’-
fragment of tbrTR for telomerase activity. 
 Following determination of the minimal 5’- and 3’-fragments within 
tbrTR, structural analysis was performed specifically to discern the presence of 
the hallmark template proximal pseudoknot structure within the 5’-fragment 
(Figure 4.6).  Selective 2’-hydroxyl acylation analyzed by primer extension 
(SHAPE) was performed on minimal tbrTR fragments to ascertain RNA 
flexibility with single-nucleotide resolution (Figure 4.7 and Appendix I).  The 
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SHAPE data was combined with a multiple sequence alignment and structures of 
five Trypanosoma TRs to establish the tbrTR secondary structure (Figure 4.6 and 
Appendix J).  See Section 4.3.5 Materials and Methods for identification of T. 
grayi TR.  As expected of all TRs identified to date, the 5’-fragment bearing the 
template for telomeric DNA synthesis harbors a pseudoknot structure (Figure 
4.6A).  The 3’-fragment, as predicted and confirmed by SHAPE, forms a short 
stem-loop structure with a large internal loop and a high level of sequence 
conservation (Figure 4.6B).  The lower reactivity of nucleotides within this 
internal loop may be the results of pyrimidine base stacking. 
 The structure of the 3’-fragment stem-loop is atypical with a short three 
nucleotide helix flanked by large apical and internal loops (Figure 4.6B).  This 
structure was interrogated by the introduction of three sets of mutations to disrupt 
and restore the base-pairs in the three nucleotide helix (Figure 4.8A).  The two 
nucleotide mutations, positioned at the ends of the three nucleotide helix, 
designed to disrupt this helix abolished the stimulatory effect of the 3’-fragment 
(Figure 4.8B, lanes 1-3, 5-6, 11) and the compensatory mutations effectively 
restored the stimulatory effect (Figure 4.8B, lanes 1, 4, 7).  The single nucleotide 
mutations, positioned within the center of the three nucleotide helix only slightly 
reduced the stimulatory effect of the 3’-fragment, which was restored by the 
compensatory mutation (Figure 4.8B, lanes 1, 8-11).  Rescuing the disruptive 
mutations within one base-pair with compensatory mutations within the other 
base-pair strongly supports the atypical, yet highly conserved, three nucleotide 
helix within the 3’-fragment of tbrTR. 
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4.4.  Discussion 
 Discerning the origins of TR and the features of the common ancestral 
RNA of all past and present telomerases is daunting challenge.  The scarcity of 
‘molecular fossils’ is further compounded by the rapid evolution and 
diversification of TRs, complicating the identification of TRs from previously 
unexplored groups of species.  The recent identification of TR from the earliest 
emerging eukaryotes, flagellated protozoans (Gupta et al., 2013; Sandhu et al., 
2013; Vasconcelos et al., 2014) provided the first insights into the origins of TR.  
Characterization of these TRs revealed that the earliest TRs employed RNA pol II 
for transcription, common for higher eukaryotes and revealing ciliates diverged 
by employing RNA pol III.  The functional analysis of tbrTR revealed, reported 
in this work, has uncovered features of amongst the earliest emerging TR species 
which are shared with higher eukaryote TRs, demonstrating the ancestry of these 
features. 
 In sharp contrast to the immense size, only a fraction of tbrTR is essential 
for telomerase activity (Figure 4.3 and 4.5).  The remainder that is dispensable for 
activity is presumably regulatory or necessary for TR biogenesis and localization.  
These regions function for TR biogenesis is supported by box C/D sites putatively 
located at 5’- and 3’-end of the RNA with binding by the box C/D proteins, 
Nop58 and Snu13, is critical for TR accumulation in the cell (Gupta et al., 2013).  
Similar to higher eukaryote TRs found in vertebrates and fungi, the two crucial 
tbrTR domains are bound independently by tbrTERT and function in trans 
(Figure 4.3) (J R Mitchell & Collins, 2000; Qi et al., 2013).  Thus, the common 
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ancestor TR for protozoans, fungi, and vertebrates likely harbored a TERT 
binding site within the template proximal pseudoknot and the stimulatory distal 
stem-loop moiety. 
Structural analysis of the minimal tbrTR fragments revealed the expected 
combination of a template proximal pseudoknot and stimulatory distal stem-loop 
moiety (Figure 4.9) (E. H. Blackburn & Collins, 2010; J. Lin et al., 2004; Qi et 
al., 2013).  The protozoan TR pseudoknot is less structurally defined than that 
found in higher eukaryotes, such as vertebrate and fungi (Figure 4.6).  The 
reduced structural definition within the protozoan pseudoknot strongly resembles 
ciliate TRs (McCormick-Graham & Romero, 1995).  Atypical for TRs, there is a 
distinct lack of highly conserved sequences within protozoan pseudoknots which 
may have arisen from lower reliance on the pseudoknot domain for TERT binding 
and the parasitic life cycle of many protozoan species (Figure 4.7) (Lukeš et al., 
2005).  The structure of the Trypanosoma TR distal stem-loop moiety is 
seemingly unique amongst TRs with determined secondary structures (Figure 
4.9).  The critical Trypanosoma TR distal stem-loop moiety is comprises an 
absolutely conserved three nucleotide stem-loop flanked by an apical and internal 
loop (Figure 4.6 and 4.7).  The early diverging protozoan TRs appear as chimera, 
containing features which have been haphazardly and seemingly randomly 
retained within the TRs from other species.  Characterization of TR from this 
important basal groups of species has brought a glimpse of the origins of this 
intrinsic RNA and expanded the known structures necessary and sufficient for 
RNP formation.  
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Figure 4.1. Validation of in vitro T. brucei telomerase activity.  (A) Schematic 
of tbrTR and the larger RNAs, variant-1 and -2 (Sandhu et al., 2013) with the 
sequence of the 11 nt RNA template (green) annealed with an 18-mer DNA 
primer (blue).  Numbers to the right denote the position of tbrTR within each of 
the larger variants.  (B) Direct primer-extension assay of telomerase reconstituted 
in vitro from synthetic tbrTERT and tbrTR (897 nt).  RNase-A-treated, 90ºC heat-
treated, no tbrTR, and no tbrTERT reactions were included as controls (lanes 2-3, 
5-6) and human telomerase in vitro reconstituted for comparison (lane 1).  (C) 
Direct primer-extension assay of telomerase reconstituted with tbrTR, variant-1, 
and -2.  The 18-mer DNA primer was 32P-end-labeled and added as a loading 
control (l.c.) to the reaction prior to ethanol precipitation of the DNA products.  
The number of nucleotides added to the primer are denoted beside the gel. 
  
82 
 
 
 
 
 
Figure 4.2.  The termini of tbrTR harbor essential elements necessary for 
telomerase activity.  (A) Schematic of tbrTR with 5’- and 3’-truncations 
(fragments A-K) for the reconstitution of telomerase activity in RRL.  The tbrTR 
RNA fragments each contain the 11 nt template sequence (black box) for 
telomerase DNA synthesis.  The numbers to the right of each fragment denote the 
region spanning the full-length 897 nt tbrTR.  (B) The first 150 nt of tbrTR is 
dispensable.  Direct primer-extension assay of telomerase reconstituted with 
tbrTR fragments with the DNA primer (TTAGGG)3.  This 18-mer DNA primer 
was 32P-end-labeled and added as a loading control (l.c.) to the reaction prior to 
ethanol precipitation of the DNA products.  The number of nucleotides added to 
the primer are denoted beside the gel.  
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Figure 4.3.  The central span of tbrTR is dispensable for telomerase activity.  
(A-C) Schematic of tbrTR cleaved into various 5’- and 3’-Fragments (5F and 3F, 
respectively). (B-D) T. brucei telomerase can be reconstituted with tbrTR 5’- and 
3’-fragments added in trans.  Direct primer-extension assay of telomerase 
reconstituted with tbrTR fragments with the DNA primer (TTAGGG)3.  This 18-
mer DNA primer was 32P-end-labeled and added as a loading control (l.c.) to the 
reaction prior to ethanol precipitation of the DNA products.  The number of 
nucleotides added to the primer are denoted beside the gel. 
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Figure 4.4. The minimal tbrTR 5’-fragment.  (A) Schematic of tbrTR 5’-
Fragment1 and 3’-Fragment3 serial truncations (5F1 and 3F3, respectively).  (B) 
Direct primer-extension assay of telomerase reconstituted with tbrTR fragments 
with the DNA primer (TTAGGG)3.  This 18-mer DNA primer was 
32P-end-
labeled and added as a loading control (l.c.) to the reaction prior to ethanol 
precipitation of the DNA products.  The number of nucleotides added to the 
primer are denoted beside the gel. 
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Figure 4.5.  Stimulation of telomerase activity with the minimal tbrTR 3’-
fragment requires the stem-loop sequence.  Schematic of tbrTR 3’-Fragment3 
with serial truncations (3F3) from the base (A) or the apical loop (B) of the 
putative stem-loop.  The apical loop truncations were capped with a GNRA 
(orange) tetraloop (Jaeger, Michel, & Westhof, 1994).  (C) Direct primer-
extension assay of telomerase reconstituted with tbrTR fragments with the DNA 
primer (TTAGGG)3.  This 18-mer DNA primer was 
32P-end-labeled and added as 
a loading control (l.c.) to the reaction prior to ethanol precipitation of the DNA 
products.  The number of nucleotides added to the primer are denoted beside the 
gel.  
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Figure 4.6. Secondary structure of the minimal tbrTR.  (A) The 5’-fragement 
contains the hallmark TR pseudoknot structure (PK1 and 2) and a template 
adjacent stem-loop (Helix-II).  (B) The minimal 3’-fragment forms a short helix 
with a large internal bulge.  The flexibility (high, dark blue; low, light blue 
circles) and rigidity (no circle) of specific nucleotides was determined by SHAPE 
(Appendix I).  Invariant nucleotides (red) and co-variations (black bar) were 
determined from the multiple sequence alignment of five Trypanosoma TR 
species (Figure 4.7).  Nucleotide positions correspond to the full-length tbrTR 
with the remaining TR sequence denoted (dashed line). 
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Figure 4.8. Functional validation of the tbrTR 3’-fragment secondary 
structure.  (A) Schematic of the tbrTR 3’-fragment with disruptive (3F3k-mut1, 
2, 4, 5, 7, 8) and compensatory (3F3k-mut3, 6, 9) mutations (green) within the 
short, three nucleotide stem.  (B) Direct primer-extension assay of telomerase 
reconstituted with the tbrTR pseudoknot and 3’-fragment disruptive and 
compensatory mutations, assayed with the DNA primer (TTAGGG)3.  This 18-
mer DNA primer was 32P-end-labeled and added as a loading control (l.c.) to the 
reaction prior to ethanol precipitation of the DNA products.  The number of 
nucleotides added to the primer are denoted beside the gel.  
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Figure 4.9.  Conservation and diversification of the essential TR domains for 
telomerase activity.  Left, phylogenetic tree of select species from animals (light 
green), fungi (light blue), ciliates (light orange), and flagellates (light red).  Right, 
simplified schematic of the template proximal pseudoknot domain and distal 
stem-loop moiety universally found within all TRs with determined secondary 
structure.  Tree based on structural and molecular phylogenetic studies (Talevich, 
Tobin, Kannan, & Doerig, 2012).  Branch length does not reflect evolutionary 
distance.  Single asterisk (*) denoted undetermined secondary structure and 
double asterisk denotes unidentified TR.  The dashed lines with the simplified TR 
schematics denote regions dispensable for telomerase activity.   
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CHAPTER 5 
TOWARDS MINIATURIZATION OF THE ECHINODERM TERT PROTEIN 
 
 
5.1.  Introduction  
 Telomeric DNA length is maintained by telomerase, a ribonucleoprotein 
(RNP) enzyme (Zakian, 2009).  The minimal functional telomerase RNP complex 
comprises the catalytic telomerase reverse transcriptase (TERT) and integral 
telomerase RNA (TR component).  The vertebrate TR comprises three structural 
domains: the pseudoknot, conserved regions 4 and 5 (CR4/5), and H/ACA 
domains; with the H/ACA critical for biogenesis, while dispensable for activity 
and telomerase RNA formation (J-L Chen et al., 2000; Podlevsky & Chen, 2012).  
TRs from the distantly related filamentous fungi contain a highly similar core 
pseudoknot and CR4/5 domains.  The TERT protein comprises four well-
conserved structural domains: the telomerase essential N-terminal (TEN), the 
telomerase RNA binding domain (TRBD), the reverse transcriptase (RT), and the 
C-terminal extension (CTE) (Podlevsky et al., 2008).  The TEN are TRBD have 
been reported to have low- and high-affinity binding sites for TR pseudoknot and 
CR4/5, respectively (Moriarty et al., 2004).  The teleost fish CR4/5 interacting 
surface has been mapped onto TRBD by a recently reported cross-linking study 
and additionally the crystal structure determined which has revealed critical 
residues participating in vertebrate telomerase RNP formation (Bley et al., 2011; 
J. Huang et al., 2014). 
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 A highly similar structure to the vertebrate CR4/5 domains has been 
discovered within filamentous fungal TR (Qi et al., 2013).  The prevalence of this 
structural element within evolutionary distant vertebrates and fungi strongly 
implies that this common element is ancestral.  In sharp contrast, the invertebrate 
echinoderm Strongylocentrotus purpuratus TR (spuTR) lacks a structurally 
similar CR4/5 element (Y. Li et al., 2013).  However, a functionally analogous 
structure was determined within the central domain of spuTR.  This spuTR 
analogous structure is a short internal region of a single helix as opposed to three-
way-junction of short helices which comprise the vertebrate CR4/5 (J. J.-L. Chen 
et al., 2002).  The close evolutionary relationship of vertebrates and echinoderms, 
together with this striking difference in a critical structural element for telomerase 
function serves as an excellent system for exploring RNP evolution. 
 The few reported TERT crystal structures for the TERT protein have been 
generally limited to domain fragments (Harkisheimer et al., 2013; J. Huang et al., 
2014; Jacobs et al., 2006; Rouda & Skordalakes, 2007).  The principle exception 
is the full-length insect Tribolium castaneum TERT structure which lacks the N-
terminal TEN domain (Gillis et al., 2008).  The majority of these determined 
TERT structures lack the TR component from the crystal structure due to the 
inability of the purified protein to bind TR or in the case of T. castaneum, TR has 
yet to be identified.  The absence of TR from these structures limits the 
knowledge that can be gained regarding critical RNA-protein contacts necessary 
for telomerase RNP formation. 
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 Towards the co-crystallization of the Strongylocentrotus purpuratus 
TERT (spuTERT) with spuTR, dispensable regions in the spuTERT protein have 
been determined to reduce internal regions of high flexibility.  Several additional 
echinoderm TERT proteins have been identified for phylogenetic comparative 
analysis with spuTERT to find regions of low conservation in the primary 
sequence.  Secondary structure prediction discerned regions of low structural 
support for targeted truncations.  Tertiary structural models of spuTERT 
generated from available determined TERT structures identified extended loops 
for deletion.  Functional analysis of these spuTERT deletions revealed 
dispensable regions within the protein.  The reduction of flexible regions within 
the spuTERT is a critical step towards purification of monomeric, well-structured 
protein suitable for crystallography studies and structure determination. 
 
5.2.  Materials and Methods 
Bioinformatics search for echinoderm TERTs.  Transcriptome and genome data 
from NCBI SRA (Appendix B) was de novo assembled using the Trinity 
assembly program with default parameters (Cameron et al., 2009; Grabherr et al., 
2011; Haas et al., 2013; Reich et al., 2015).  The assembled transcripts as contigs 
were search by BLAST with spuTERT as query.  Putative full-length echinoderm 
TERT proteins were used for the multiple sequence alignment.  Putative full-
length was defined as an N-terminal methionine and C-terminal in frame stop 
codon adjacent to minimally moderate amino acid sequence conservation within 
spuTERT.  Incomplete or suspect echinoderm TERT sequences were discarded. 
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Sequence alignment analysis.  The sequence alignment of TERT was performed 
within the BioEdit program using the ClustalW algorithm and further refined 
manually using the highly conserved motifs within TEN, TRBD, and RT domains 
as anchor points.  The alignment was carried out initially for closely relate groups 
of species and expanded to include more divergent species.  The predicted and 
determined secondary structures additionally refined the alignment. 
Secondary structure prediction.  The primary sequence of 16 species full-length 
TERTs was input in three online secondary structure prediction algorithms 
YASPIN <http://www.ibi.vu.nl/programs/yaspinwww/ >, PSI 
<http://bioinf.cs.ucl.ac.uk/psipred/> and JPred 
<http://www.compbio.dundee.ac.uk/www-jpred/ > (Buchan, Minneci, Nugent, 
Bryson, & Jones, 2013; Cole, Barber, & Barton, 2008; Jones, 1999; K. Lin, 
Simossis, Taylor, & Heringa, 2005). 
Protein tertiary structure homology modeling.  Corresponding regions with 
spuTERT were threaded through the all reported crystalized domain fragments of 
T. thermophilia TEN (PDB 2B2A) and TRBD (2R4G), T. castaneum TERT 
(3KYL and 3DU6), O. latipes TRBD (4O26), and T. rubripes TRBD (4LMO) 
using the Protein Homology/analogY Recognition Engine V 2.0 (PHYRE 
<http://www.sbg.bio.ic.ac.uk/phyre2/>) online tool (Kelley & Sternberg, 2009).  
A large insertion within spuTERT TRBD domain necessitated separate threading 
of regions upstream and downstream of this large insertion. 
Generating S. purpuratus TERT truncations.  Truncations within spuTERT were 
generated by overlap extension PCR (Ge & Rudolph, 1997).  Briefly, mutagenic 
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primers spanning the intended truncations were used for initial separate PCR 
reactions and the gel extracted products were combined for mega-primer 
extension and these extended products were then gel extracted.  These PCR 
amplified truncated products were introduced into the pCITE-NFLAG-spuTERT 
plasmid by appropriate restriction and ligation.  PCR amplified regions were 
sequence verified. 
Reconstitution of S. purpuratus telomerase enzyme.  Recombinant spuTERT 
protein was synthesized from pCITE-NFLAG-spuTERT in a 5 µL reaction of 
TnT Quick-coupled transcription/translation kit (Promega) at 30°C for 60 min, 
following the manufacturer’s instructions.  The RRL was supplemneted with 35S-
methionine (1,175 Ci/mmole,10mCi/ml, Perkin-Elmer) to radiolabel the TERT 
protein and confirm equal expression by SDS-PAGE and exposure of the dried 
gel to a phosphorstorage screen.  The spuTR pseudoknot (6-185) and distal stem-
loop core helix (32-400Δ350-379) were in vitro transcribed, gel purified, and 
added at a final concentration of 1 µM to assemble with spuTERT in RRL. 
Telomerase direct primer-extension activity assay.  Telomerase activity was 
assayed without amplification by the direct primer-extension activity assay 
(Cohen & Reddel, 2008).  A 10 µL reaction was performed with 2 µL in vitro 
reconstituted S. purpuratus telomerase in 1x telomerase reaction buffer (50 
mMTris-HCl pH 8.3, 2 mM DTT, 0.5 mM MgCl2, 1 mM spermidine), 100  µM 
dTTP, 100 µM dATP, 5 µM dGTP, 0.333 µM α-32P-dGTP (3000 Ci/mmol, 10 
mCi/ml, Perkin-Elmer) and 1 µM (TTAGGG)3 DNA primer.  The reaction was 
incubated at 30°C for 2 h and terminated by phenol/chloroform extraction 
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followed by ethanol precipitation.  The telomerase extended products were 
electrophoresed on a 10% polyacrylamide/8 M urea denaturing gel, and the dried 
gel was exposed to a phosphorstorage screen and analyzed with a Molecular 
Imager FX-Pro (Bio-Rad). 
 
5.3  Results 
 Phylogenetic comparative analysis is a convenient method for the 
identification of dispensable regions within a protein.  To date there has been 
exclusively reported the sequence of the spuTERT protein reported (Wells, 
Zhang, Harley, & Vaziri, 2009).  While there is a dearth of complete publically 
available echinoderm genome data publically available, RNA-seq ovary tissue 
transcriptome data for urchins, sea cucumbers, starfish, and brittle stars is 
available (Cameron et al., 2015; Cameron et al., 2009; Sodergren et al., 2006).  
The assembled transcripts were translated in all frames and searched by BLAST 
with the spuTERT sequence as query and six full-length putative TERTs were 
identified (Appendix K).  These identified echinoderm TERT species are more 
closely related than vertebrates, the pervious basis for comparison with spuTERT 
(Figure 5.1). 
 Comparative analysis of these newly identified echinoderm TERTs with 
spuTERT revealed a variety of large insertions concentrated in the N-terminus of 
the protein (Figure 5.2 and Appendix L).  Additionally, degenerate homologs of 
the vertebrate-specific TFLY and vertebrate specific region (VSR) were identified 
and well-conserved within echinoderm TERTs.  Within echinoderms, starfish 
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TERTs seem the most compact, at 941-950 amino acids.  Starfish TERTs have a 
short linker sequence spanning the TEN and TRBD domains and a minimal 
distance between motifs CP and QFP, lacking the large insertion found in 
spuTERT (Figure 5.2, Appendix K, and L).  The hairy sea cucumber TERT is the 
largest echinoderm TERT at 1,437 amino acids.  Similar to spuTERT, sea 
cucumber TRBD has an extended linker between the TEN and TRBD domains 
and a large insertion between motifs CP and QFP within TRBD.  This variation 
amongst echinoderm TERTs reveals several potential dispensable regions. 
 To discern flexible insertions within the spuTERT protein, a tertiary 
structure homology model for the majority of the spuTERT was generated based 
on available determined TERT protein crystal structures (Figure 5.3A and 
Appendix M).  There is no single crystal structure that includes TEN, TRBD, RT, 
and CTE domains.  Thus the spuTERT homology model was generated in three 
sections for TEN, TRBD, and RT-CTE.  The large insertion within the TRBD 
domain between motifs CP and QFP failed to demonstrate homology with any 
known crystal structures in the SCOP or RCSB protein databases (Murzin, 
Brenner, Hubbard, & Chothia, 1995; Rose et al., 2013) (Figure 5.3B).  An 
extension of the two helices from the IFD motif within the RT domain also did 
not show any homology with known structures.  The tertiary modeling supports 
the insertions between motifs CP and QFP as well as within motif IFD as 
dispensable sequences within the overall TERT structure. 
 These putatively dispensable regions within spuTERT were validated as 
expendable by functional analysis of S. purpuratus telomerase reconstituted with 
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various truncations.  Several spuTERT truncations were designed to remove 
seemingly flexible, loosely associated, or extended regions (Figure 5.4A).  The 
TEN truncation ΔM1-34A removed a section of the helical region protruding out 
from a beta sheet while ΔM1-V286 complete removed the TEN and the spanning 
to TRBD (Figure 5.4A and 5.5A).  Truncations ΔP399-, ΔS400-, and ΔA401-
D675 in TRBD removed the insertion between motifs CP and QFP (Appendix L) 
while ΔG959- and ΔH960-V1024 eliminated the extension of motif IFD helices 
(Figure 5.5B).  ΔL956-P1028* replaced the denoted span with the sequence from 
T. castaneum TERT I271-D277.  This was designed to fuse the motif IFD helices 
from spuTERT with the smaller helical turn structure in T. castaneum TERT 
(Appendix L).  The final truncations ΔN1342-, ΔK1331-, and ΔE1280-R1354 
removed predicted and modeled helices from the C-terminus of CTE (Figure 5.5B 
and Appendix L).  S. purpuratus telomerases were reconstituted in vitro from 
these truncated spuTERTs and the minimal spuTR pseudoknot and distal stem-
loop fragments that was previously reported to be sufficient for generating 
telomerase activity (Y. Li et al., 2013).  Of all these spuTERT truncations, only 
the truncations to the large insertion spanning motifs CP and QFP in the TRBD 
domain retained a similar level of activity as wild-type (Figure 5.4B).  To ensure 
that the loss of activity was not the result of poor protein expression, the truncated 
spuTERT proteins for the telomerase activity were 35S-methionine labeled and 
were expressed at similar levels as the wild-type protein (Figure 5.4C). 
 Additional truncations were screened that lied principally within the linker 
regions between the TERT domains (Figure 5.6A).  The TEN, ΔT93-G103 and 
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ΔW95-S107, and linker, ΔP173-D260 and ΔQ183-E250, truncations were based 
on comparison of additional echinoderm TERTs, particularly starfish TERTs 
(Figure 5.2 and Appendix L).  The ΔS320-K348 and ΔG325-L343 TRBD 
truncations removed a short protruding random coiled segment (Figure 5.7).  The 
previous CP-QFP insertion truncation was expanded with the ΔD396-D674 and 
ΔD396-D685 truncations (Figure 5.6A and 5.7).  The ΔK836-L845 truncation at 
the interface of the TRBD and RT domains was designed based on comparison 
with the T. castaneum TERT (Figure 5.7 and Appendix L).  The TEN and linker 
truncations ΔT93-G103, ΔW95-S107, and ΔQ183-E250 retained enzymatic 
activity, while the slightly larger linker truncation ΔP173-D260 was inactivity 
(Figure 5.6B).  Deletion of the protruding random coil segment between motifs 
VSR and CP were also active.  Expanding the previous CP-QFP insertion 
truncations with ΔD396-D674 and ΔD396-D685 dramatically reduced and 
abolished activity, respectively.  Interestingly, the TRBD-RT domain linker 
truncation ΔK836-L845 was only capable of adding a single telomeric DNA 
repeat (Figure 5.6B).  Equal spuTERT expression was verified by 35S-methionine 
labeling (Figure 5.4C). 
 
5.4 Discussion 
 The identification and removal of flexible, less ordered regions from 
spuTERT is essential for the purification of monomeric proteins, the first step 
towards the crystallization trials.  Phylogenetic comparative analysis of numerous 
echinoderm TERTs is vital for the determination of less conserved, and 
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presumably less critical segments within the spuTERT protein (Figure 5.2).  Thus 
a bioinformatics search was performed for the identification of additional 
echinoderm TERT proteins from publically available RNA-seq ovary tissue 
transcriptome data (Figure 5.1).  Homology modeling also presents a means of 
identification of extended regions when compared with the determined structures 
of TERT fragments (Figure 5.3).  A combined approach was implemented for 
generating numerous potentially dispensable target regions for deletion 
throughout the spuTERT protein. 
 The regions for deletion within the spuTERT protein were examined for 
effects on S. purpuratus telomerase activity and repeat addition processivity by 
the direct primer-extension assay (Figure 5.4 and 5.6).  Truncated spuTERT 
proteins were synthesized in rabbit reticulocyte lysate and assembled with the 
minimal two spuTR fragments necessary for activity.  The spuTR RNA was 
added in trans to discern whether any of the truncations would have disrupted the 
independent binding sites pseudoknot and distal stem-loop fragments.  Detectable 
activity has been reported with the spuTR pseudoknot alone added to the 
spuTERT protein (Y. Li et al., 2013).  This partial activity with only the spuTR 
pseudoknot provides a means of inferring whether a spuTERT truncation was 
disruptive to the pseudoknot or distal stem-loop fragments. 
 The functional analysis of truncated spuTERT effectively screened for the 
retention of telomerase nucleotide addition activity and repeat addition 
processivity.  Several regions scattered across the spuTERT protein are 
dispensable for telomerase RNP formation and in vitro function (Figure 5.4 and 
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5.6).  Interestingly, truncation ΔK836-L845 in the linker between TRBD and RT 
had severely impaired repeat processivity, being incapable of adding more than a 
single telomeric DNA repeat.  Thus it would appear that one of the steps in 
template translocation was affected (Qi et al., 2012).  This is the first instance of a 
repeat processivity defect reported for an invertebrate telomerase.  The 
identification and functional analysis of spuTERT truncations described in this 
work is an important step towards a minimal echinoderm TERT protein for 
recombinant expression and crystallization trials. 
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Figure 5.1. Phylogenetic relationship of select species.  The sister phylum to 
echinoderms, chordates are the closest living group of species to echinoderms.  
Arthropods are far more distantly related metazoan phylum, while the non-
metazoan ciliated protozoans are an outgroup species.  Species in bold have 
solved crystal structures for the complete TERT protein (T. castaneum) or specific 
TERT protein domains, TEN (T. thermophilia) and TRBD (O. latipes, T. 
rubripes, and T. thermophilia).  Relationship between echinoderm species is 
based on six protein coding genes (Perseke et al., 2010) and fishes relationship is 
based on gene duplication events (Wittbrodt, Shima, & Schartl, 2002).  Line 
length does not represent evolutionary distance.  Species name is followed by the 
common name (parenthetical) if applicable.  L. variegatus, S. granularis, S. 
briareus, A. forboesi, H. sp. AR-2014, and O. echinata TERTs were identified in 
this study. 
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Figure 5.2.  Schematic comparison of TERT protein domain and motif 
organization from select species.  The domain and motif organization are based 
on the complete TERT protein multiple sequence alignment, see Appendix K.  
The TERT protein comprises four domains, TEN (light green), TRBD (light 
blue), RT (light red), and CTE (light orange).  The N-terminal TEN domain is 
composed of motifs DAT and T2 (green).  The TRBD contains motifs TFLY, 
VSR, CP, QFP, and T (blue).  The RT domain encompasses motifs 1, 2, 3, A, B, 
C, D, and E.  Degenerate motifs for TFLY and VSR (violet) are found in 
echinoderms, see Appendix K.  The amino acid length for each TERT is shown to 
the right of the schematic. 
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Figure 5.3.  Homology model of S. purpuratus TERT.  (A) Schematic of the 
domain architecture for spuTERT with similar domain and motif coloring as 
Figure 5.2.  Homology modelling could not be achieved for the entire span of the 
spuTERT protein (white faded and dashed lines) with the size of the gap in the 
modeling denoted below the schematic. (B) Homology modeling of spuTERT 
TEN with T. thermophilia (PDB 2B2A), N-terminal region of TRBD with T. 
rubripes (4LMO) and C-terminal region of TRBD with O. latipes (4O26), and RT 
and CTE with T. castaneum (3KYL) structure.  Gaps in the homology model are 
denoted (dashed lines). 
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Figure 5.4.  Functional analysis of S. purpuratus telomerase reconstituted 
with spuTERT truncations.  (A) Schematic of the spuTERT protein with the 
introduced truncations denoted.  Domain and motif coloring as Figure 5.2.  (B) 
Direct primer extension assay of S. purpuratus telomerase reconstituted with 
spuTERT truncations.  Assay performed with the DNA primer (TTAGGG)3.  This 
18-mer DNA primer was 32P-end-labeled and added as a loading control (l.c.) to 
the reaction prior to ethanol precipitation of the DNA products.  The number of 
nucleotides added to the primer are denoted beside the gel.  (C) Validation of 
equal spuTERT expression.  The spuTERT protein was expressed in the presence 
of 35S-methionine to label the protein.  Asterisk (*) denotes the replacement of 
L956-P1028 with the sequence from T. castaneum TERT of I271-D277. 
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Figure 5.5.  Truncations for spuTERT based on homology modeling.  (A) 
TEN domain truncation (dark grey) denoted on the S. purpuratus homology 
model based on T. thermophilia TEN (PDB 2B2A).  (B) RT and CTE domain 
truncations (dark grey) denoted on the S. purpuratus homology model based on T. 
castaneum TERT (3KYL).  Asterisk (*) denotes the replacement of L956-P1028 
with the sequence from T. castaneum TERT of I271-D277.  
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Figure 5.6.  Functional analysis of S. purpuratus telomerase reconstituted 
with additional spuTERT truncations.  (A) Schematic of the spuTERT protein 
with the introduced truncations denoted.  Domain and motif coloring as Figure 
5.2.  (B) Direct primer extension assay of S. purpuratus telomerase reconstituted 
with spuTERT truncations.  Assay performed with the DNA primer (TTAGGG)3.  
This 18-mer DNA primer was 32P-end-labeled and added as a loading control 
(l.c.) to the reaction prior to ethanol precipitation of the DNA products.  The 
number of nucleotides added to the primer are denoted beside the gel.  (C) 
Validation of equal spuTERT expression.  The spuTERT protein was expressed in 
the presence of 35S-methionine to label the protein.  
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Figure 5.7.  Truncations for spuTERT based on homology modeling for 
TRBD.  TRBD domain truncations (dark grey) denoted on the S. purpuratus 
homology model based on T. rubripes TRBD (4LMO) for the N-terminal region 
and O. latipes TRBD (4O26) for the C-terminal region  
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CHAPTER 6 
PROTOCOL FOR DIRECT PRIMER-EXTENSION ASSAY OF HUMAN 
TELOMERASE DISEASE MUTATIONS: QUANTITATIVE ANALYSIS OF 
TELOMERASE ENZYME ACTIVITY AND PROCESSIVITY 
 
 
6.1.  Introduction  
The telomerase enzyme is responsible for the maintenance of telomeric 
DNA length (Zakian, 2009).  Telomerase is a ribonucleoprotein minimally 
composed of the telomerase reverse transcriptase (TERT) protein and the integral 
telomerase RNA (TR).  Mutations detrimental to telomerase function increase the 
rate of telomere attrition, which limits cellular replicative capacity and induced 
cellular senescence (Armanios, 2009).  Within human patients this manifests and 
one of several hypocellular disorders termed ‘syndromes of short telomeres’ 
which include diseases such as dyskeratosis congenita (DKC), aplastic anemia 
(AA), and idiopathic pulmonary fibrosis IPF.  DKC is a multisystem syndrome 
characterized by abnormal skin hyperpigmentation, nail dystrophy, oral 
leukoplakia, bone marrow failure, immunodeficiency, pulmonary complications, 
and malignancies (Dokal, 2000).  Within these patients, bone marrow failure, is 
the most common cause of death (Vulliamy et al., 2006).  AA can arise 
independently of DKC, lacking the mucocutaneous symptoms, and is defined by 
low peripheral blood cell counts, hypocellular bone marrow, and irresponsiveness 
to immunosuppressive therapy (Fogarty et al., 2003).  IPF, as the name implies, 
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has an undetermined pathogenesis involving fibrotic lesions, lung tissue scarring, 
and interstitial pneumonia (Verma & Slutsky, 2007).  The accumulation of 
irreversible fibrotic scar tissue reduces lung volume resulting in the typified 
chronic cough, shortness of breath, and eventual respiratory failure (Armanios et 
al., 2007). 
Human TR has a template region that is only eleven nucleotides in length 
yet produces a DNA product within a single telomerase reaction that is tens to 
hundreds of nucleotides in length (Feng et al., 1995).  This telomerase-specific 
phenomenon arises from there being two distinct phases of the telomerase 
catalytic cycle (Figure 6.1).  The initial phase, which is shared universally with 
reverse transcriptases is the synthesis of a complementary strand of DNA using a 
predetermined region of the RNA as template.  Upon reaching the end of the 
template, telomerase regenerates the template for additional DNA synthesis by an 
enigmatic process termed template translocation (Qi et al., 2012).  Through 
numerous iterations of nucleotide addition followed by template regeneration, a 
DNA primer can be extended with hundreds of telomeric DNA repeats.  Several 
discrete elements within the TERT protein and TR are critical for processive 
telomeric DNA synthesis (J-L Chen & Carol W Greider, 2003; Finger & Bryan, 
2008; Sylvain Huard et al., 2003; Jacobs et al., 2006; Lue et al., 2003; Qi et al., 
2012; Wyatt et al., 2007; Xie et al., 2010; Zaug et al., 2008).  
 The most common assay for telomerase functional assessment has been 
the telomere repeat amplification protocol (TRAP).  TRAP is a PCR-assisted 
assay exclusively for the telomerase enzymatic activity of nucleotide addition 
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(Fajkus, 2006).  A specific DNA primer, which contains at the 3’-end a short 
region of telomeric sequence, is incubated with the telomerase enzyme for the 
addition of telomeric DNA repeats.  The number of telomeric DNA repeats added 
to the DNA primer correlates with the enzymatic activity of the telomerase being 
assayed.  The telomerase-extended products are then PCR in the presence of a 
32P-radio—and amenable to fluorescently—labeled DNA primer to increase the 
abundance of DNA products for improved assay sensitivity.  The repetitiveness of 
the DNA sequence added by the telomerase enzyme is problematic for primer 
specificity during PCR, as the primer has the potential to anneal to multiple sites.  
This renders the TRAP assay semi-quantitative due to the redistribution of 
telomerase-extended product lengths due to the amplification step.  The PCR step 
also abolishes quantitation of processivity (Herbert, Hochreiter, Wright, & Shay, 
2006). 
 The reduced sensitive of the direct primer-extension assay, compared with 
TRAP, is generally superficial compared with the benefits of a more 
comprehensive analysis of telomerase function (Podlevsky & Chen, 2012).  The 
telomerase direct assay is a more straightforward assay for telomerase 
functionality (Cohen & Reddel, 2008; C M Counter, Hirte, Bacchetti, & Harley, 
1994; Fajkus, 2006).  Telomerase-extended products are directly visualized due to 
the incorporation of radio- or fluorescently-labeled triphosphate nucleosides.  The 
number of incorporated nucleotides is unaltered for the direct assay and is thus 
advantageous for the quantitative measurement of telomerase (1) nucleotide 
addition activity and (2) repeat addition processivity (Jiunn-Liang Chen & Carol 
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W Greider, 2003).  Through the direct assay for the assessment of telomerase 
function, hypomorphic TERT mutations with human patient have been recently 
uncovered that negatively affect telomerase processivity and induce short 
telomere disorders (Alder et al., 2011).  The pervasiveness of human patient 
TERT and TR mutations analysis by TRAP—which obscures processivity 
defects—is at least partly responsible for the limited detection of these specific 
telomerase defects. 
Telomerase mutations have been assessed by reconstitution of telomerase 
in vitro and in vivo.  In vitro reconstitution of telomerase relies on rabbit 
reticulocyte lysate for TERT protein synthesis and assembly with T7 transcribed 
TR.  Numerous TERT and TR mutations have been characterized with in vitro 
reconstitution telomerase which benefits from rapidity and simplicity (Alder et al., 
2011; Armanios et al., 2007; Parry, Alder, Qi, Chen, & Armanios, 2011).  
However, the telomerase holoenzyme is composed of numerous accessory 
proteins which have been found to affect the activity and processivity of the core 
TERT and TR ribonucleoprotein complex (Latrick & Cech, 2010).  These 
ancillary telomerase components have the potential to compensate for, or amplify, 
defects within either TERT or TR.  Thus the in vivo reconstitution of telomerase 
within cultured human cell lines is more holistic and comprehensive (Cohen & 
Reddel, 2008; Kurth, Cristofari, & Lingner, 2008).  The lower sensitivity of the 
direct assay is offset by the overexpression of TERT under the strong 
cytomegalovirus (CMV) promoter and TR under the strong U1 snRNA promoter 
(Cristofari & Lingner, 2006; Fu & Collins, 2003). 
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Herein is a highly detailed protocol for the quantitative assessment of 
human patient TERT and TR mutations from in vivo reconstituted telomerase by 
the direct primer-extension assay.  The overexpression system for telomerase 
from human cultured cells has been modified to include tagging the N-terminus of 
TERT with 3xFLAG for enhanced anti-FLAG immunoprecipitation (Figure 6.2).  
This immunoprecipitation step is integrated into the measurement of TERT-TR 
binding affinity within the context of human mutations.  Physiological nucleotide 
concentrations unmask defects in nucleotide binding.  This work brings together 
several advancements in the analysis of telomerase defects and mechanism for an 
improved and stream-lined human telomerase assay. 
 
6.2.  Materials 
Reagents 
 pcDNA-3xFLAG-hTERT plasmid 
 pBS-U1-hTR plasmid 
 HEK293FT (Life Technologies) 
 Tissue culture media [(Dulbecco's Modified Eagle Medium (Lonza), 10% 
Fetal Bovine Serum (Atlanta Biologicals), 1x Penicillin-Streptomycin-
Amphotericin mix (Lonza)] 
 1x Trypsin-EDTA solution (Gibco) 
 Dulbecco's phosphate-buffered saline (Gibco) 
 100 mm tissue culture dishes (Corning) 
 6-well tissue culture plates (Corning) 
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 Fugene HD transfection reagent (Promega) 
 Protein Assay Dye (Bio-Rad) 
 4x SDS-PAGE loading buffer (125 mMTris-HCl pH 6.8, 2% SDS, 10% 
glycerol, 0.75 mM 2-mercaptoethanol and 0.0025% bromophenol blue) 
 3% stacking/6% resolving polyacrylamide gels (precast or in house) 
 1x SDS gel running buffer (25 mM Tris-HCl, 200 mM glycine, 0.1% SDS) 
 Reagents for semi-dry electrotransfer, including pure methanol, transfer buffer 
and polyvinylidene difluoride membrane 
 1x TTBS (20 mM Tris–HCl pH 7.5, 150 mM NaCl and 0.05% Tween-20) 
 Non-fat milk powder 
 Monoclonal anti-FLAG mouse M2 antibody (Sigma) 
 Monoclonal anti-GAPDH mouse 6C5 antibody (Santa Cruz Biotechnologies)  
 Horseradish peroxidase conjugated goat anti-mouse secondary antibody 
 Immobilon Western Chemiluminescent HRP substrate (Millipore) 
 Monoclonal anti-FLAG mouse M2 affinity gel (Sigma) 
 1x TBS (50 mM Tris-HCl pH 7.5, 150 mM NaCl) 
 Solutions of 200 µM dTTP, dATP, and dGTP (Life Technologies) 
 100 µM DNA primer (TTAGGG)3 (Integrated DNA Technologies) 
 5 mg/ml Glycogen (Invitrogen) 
 1x SDS elution buffer (25 mM Tris·HCl, pH 8.0, 200 mM NaCl, 5 mM 
EDTA, and 1% SDS) 
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 Reagents for high-resolution polyacrylamide gel electrophoresis, including 
29:1 acrylamide:bis-acrylamide, 1x TBE (100 mM Tris, 100 mM Boric acid, 2 
mM EDTA) and urea 
 Hybond-XL membrane (GE Healthcare) 
 MAXIscript T7 Kit (Ambion) 
 Radioactive nucleotides: α-[32P]-dGTP (3000Ci/mmol 10mCi/ml), α-[32P]-
UTP (3000Ci/mmol 10mCi/ml), and γ-[32P]-ATP (6000Ci/mmol 10mCi/ml, 
Perkin Elmer) 
 MicroSpin G-25 column (GE Healthcare) 
 ULTRAhyb hybridization buffer (Ambion) 
 20x SSC (3 M NaCl, 300 mM Na3Citrate) 
Reagent Setup 
 HEPES lysis buffer (20 mM HEPES-KOH pH 7.9, 2 mM MgCl2, 400 mM 
NaCl, 500 mM EGTA, 10% glycerol, 5 mM 2-mercaptoethanol, 1 mM PMSF, 
1x cOmplete, EDTA-free Protease Inhibitor Cocktail).  Critical: This solution 
is stable for months at -20ºC. 
 5x telomerase reaction buffer (250 mMTris-HCl pH 8.3, 10 mM DTT, 2.5 
mM MgCl2, 5 mM spermidine).  Critical: This solution is stable for several 
months at -20ºC yet intolerant of numerous freeze-thaw cycles. Maintaining 
small aliquots at -20ºC is recommended. 
 2x formamide loading buffer [10 mM Tris-HCl pH 8.0, 80% (vol/vol) 
formamide, 2 mM EDTA, 0.04% bromophenol blue, and 0.08% xylene 
cyanol]. 
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 5’-[32P]-labeled loading control is prepared by performing the following steps: 
(i) combine 5 µl 100 µM DNA primer (TTAGGG)3, 34 µl water, 5µl 10x 
PNK buffer, 1 µl T4 polynucleotide kinase, and 5 µl γ-[32P]-ATP 
(6000Ci/mmol 10mCi/ml, Perkin Elmer).  (ii) Incubate at 37ºC for 1 hour.  
(iii) Purify by MicroSpin G-25 column.  (iv) Dilute loading control to 300 
cpm per 90 µl and store at -20ºC. 
  [32P]-internally-labeled human TR riboprobe is prepared by performing the 
following steps: (i) combine 1 µl 10x transcription buffer, 0.5 µl 10 mM ATP, 
0.5 µl 10 mM GTP, 0.5 µl 10 mM CTP, 0.5 µl 50 µM UTP, 3.5 µl PCR DNA 
template (100 ng), 1 µl T7 RNA pol, and 5 µl α-[32P]-UTP (3000Ci/mmol 
10mCi/ml).  (ii) Incubate at 37ºC for 1 hour.  (iii) Add 40 µl water and purify 
by MicroSpin G-25 column, store at -20ºC.  (iv) Electrophorese 0.5 µl 
riboprobe on 4% polyacrylamide/8 M urea denaturing gel, expose dried gel to 
a phosphorstorage screen, and analyze with phosphorimaging instrument to 
ensure riboprobe quality. 
Equipment 
 Tissue culture incubator with 5% CO2 
 Microfuge for 1.5 ml tubes at 4ºC 
 Dry bath heat blocks set for 30ºC, 37ºC, 65ºC, and 90ºC 
 Rocker agitator 
 Vertical gel electrophoresis apparatus for short plate gels of dimensions 1 mm 
(thickness), 8.3 cm (width), 7.3 cm (length) 
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 Vertical gel electrophoresis apparatus for medium plate gels of dimensions 1.5 
mm (thickness), 20 cm (width), 22 cm (length) 
 Sequencing apparatus for high-resolution polyacrylamide gel electrophoresis 
of gel of dimensions 0.75 mm (thickness) x 38.5 cm (length). 
 Vacuum gel drier 
 Phosphorstorage screen and phosphorimaging instrument 
 
6.3.  Procedure 
Tissue culture 
1)  Culture HEK293FT cells in a 100 mm tissue culture dish under 12 ml tissue 
culture media in a tissue culture incubator with 5% CO2 at 37°C until 80-90% 
confluent. 
Critical:  Warm tissue culture media to 37ºC.  HEK293FT cells have a doubling 
time of 23 h. 
2)  Aspirate tissue culture media and immediately add 2 ml Trypsin-EDTA; tilt 
the tissue culture dish on 2 axis several times to evenly distribute trypsin and 
incubate at 37ºC for 2 min 
Critical: Add Trypsin to the sidewall of the tissue culture dish to not disturb the 
cells.  Do not expose cells for a protracted time to air. 
3)  Add 4 ml warmed fresh tissue culture media and gently transfer cells with 
media to a 15 ml centrifuge tube; centrifuge at 400 xg for 1 min 
Critical: FBS is important to inactivate trypsin. 
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4)  During centrifugation add 2 ml of warmed fresh tissue media to each well of a 
6-well tissue culture plate. 
5)  Aspirate tissue culture media/trypsin from cell pellet; add 3 ml fresh tissue 
culture media and gently re-suspend cells in media 
6)  Transfer drop-wise 0.25 ml of cells in media to each well of the 6-well tissue 
culture plate; tilt the tissue culture plate on 2 axis several times and incubate with 
5% CO2 at 37°C until 80-90% confluent, approximately 23 h. 
Critical: Even distribution of cells requires proper suspension, drop-wise transfer, 
and gentle agitation. 
Transfection 
7)  Add 400 ng of pcDNA-3xFLAG-hTERT plasmid with 1.6 µg pBS-U1-hTR 
plasmid to a 1.5 ml centrifuge tube for each well; add DMEM media (without 
FBS) to bring the volume to 100 µl and gently mix by tapping. 
8)  Add 6 µl of Fugene HD transfection reagent warmed to room temperature to 
each plasmid mixture; gently mix by tapping and incubate at room temperature 
for 15 min. 
Critical: Ensure there is no white precipitate of transfection reagent, if so hand 
warm until dissolved.  Take care not to touch the tube sidewall with the 
transfection reagent. 
9)  Drop-wise add the 106 µl DNA/transfection reagent mix to each well of the 6-
well plate; tilt the tissue culture plate on 2 axis several times and incubate with 
5% CO2 at 37°C for 1 day. 
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Critical: Uneven distribution of transfection reagent reduces transfection 
efficiency. 
10)  Aspirate the media and gently add 2 ml of warmed fresh tissue culture media 
to each well and incubate with 5% CO2 at 37°C for 1 day. 
Critical: Add media to the sidewall of the tissue culture dish to not disturb the 
cells.  Do not expose cells for a protracted time to air. 
 Cell lysis 
11)  Aspirate the media and add 1 ml room temperature DPBS; pipette to rinse 
cells from plate 
12)  Transfer 0.5 ml cells in DPBS to two 1.5 ml centrifuge tubes and centrifuge 
at 1,000 xg for 30 sec; aspirate DPBS and store at -80ºC for minimally 1 h. 
Pause point: Frozen cell pellets can be stored at -80ºC for several months 
13)  Add 200 µl HEPES lysis buffer to each cell pellet, pipette vigorously, and 
vortex for 10 sec; store on ice without agitation for 30 min. 
Critical: Ensure that cell pellet is completely re-suspended in buffer. 
14)  Centrifuge at 18,000 xg for 5 min at 4ºC; transfer supernatant to a fresh 1.5 
ml centrifuge tube and maintain on ice. 
Critical: Maintain samples on ice to reduce protease or RNase degradation. 
15)  Perform Bradford assay to determine protein concentration of each lysate; 
balance concentrations with HEPES lysis buffer. 
Critical: Uneven initial protein concentrations will negatively affect quantitative 
analysis of later steps.  Typical protein concentration is 2 mg/ml. 
Pause point: Frozen cell lysate can be stored at -80ºC for several months. 
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16)  Transfer 15 µl lysate to a fresh 1.5 ml centrifuge tube and add 15 µl 4x SDS-
PAGE loading buffer. 
Pause point: Protein samples can be stored at -20ºC for months. 
17)  Heat denature protein samples at 90ºC for 10 min and load 15 µl (15 µg) of 
protein from each sample for SDS-PAGE; perform western blot to confirm 
similar levels of TERT expression. 
Telomerase purification 
18)  Add 18 µl monoclonal anti-FLAG mouse M2 affinity gel (9 µl beads) to a 
1.5 ml centrifuge tube per each cell lysate with wide-mouth pipette tips; 
centrifuge at 1,000 xg for 15 sec. 
19)  Aspirate buffer and add 60 µl 1x TBS; centrifuge at 1,000 xg for 15 sec. 
Critical: Do not expose beads for a protracted time to air. 
20)  Aspirate buffer and immediately add 150 µl cell lysate and introduce a small 
bubble; rotate at 4ºC for 1 h. 
Critical: The small bubble improves bead migration through the lysate. 
21)  Centrifuge at 1,000 xg for 15 sec at 4ºC; maintain tubes on ice, aspirate lysate 
with a gel-loading flat pipette tips and immediately add 200 µl 1x TBS; pipette to 
re-suspend beads. 
22)  Centrifuge at 1,000 xg for 15 sec at 4ºC; maintain tubes on ice, aspirate 
buffer with a gel-loading flat pipette tip and immediately add 90 µl 1x TBS; 
pipette to re-suspend beads with a wide-mouth pipette tip and split three ways, 30 
µl beads in buffer into fresh 1.5 ml centrifuge tubes. 
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23)  Centrifuge at 1,000 xg for 15 sec at 4ºC; maintain tubes on ice, aspirate 
buffer from two sets of beads with a gel-loading flat pipette tip and immediately 
add to these two tubes 20 µl 1x telomerase reaction buffer and pipette to re-
suspend beads.  Maintain the third set of tubes on ice (see step 31). 
Pause point: For the third set of tubes add 50 µl 1x SDS elution buffer and store at 
-20ºC for months. 
24)  Centrifuge at 1,000 xg for 15 sec at 4ºC; maintain tubes on ice. 
Critical: Maintain samples on ice to reduce protease or RNase degradation. 
Direct primer-extension assay 
25)  Per each sample combine in a 1.5 centrifuge tube: 3 µl water, 2 µl 5x 
telomerase buffer, 1 10 µM DNA primer (TTAGGG)3, 0.5 µl 200 µM dTTP, 0.5 
µl 200 µM dATP, 0.5 µl 200 µM dGTP, 0.5 µl α-[32P]-dGTP (3000Ci/mmol 
10mCi/ml).  Create this reaction mix in duplicate for each of the two sets of beads 
from step 23. 
Critical: Maintain all reagents on ice. 
26)  Aspirate 1x telomerase reaction buffer with a gel-loading flat pipette tip and 
immediately add the reaction mix from step 24; incubate at 30ºC for 1 h gently 
tapping tubes to re-suspend beads every 15 min. 
27)  Add 90 µl 5’-[32P]-labeled loading control and 100 µl basic phenol to each 
reaction; vortex for 25 sec and centrifuge at 18,000 xg for 20 min at 4ºC. 
Critical: Ensure complete mixing of the phenol with the aqueous phase to 
denature telomerase and completely release the DNA products. 
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28)  Transfer the aqueous phase to a fresh 1.5 ml centrifuge tube and recover the 
DNA products by ethanol precipitation: add 50 µl 7.5 M ammonium acetate and 3 
µl glycogen; invert tube to mix, then add 450 µl absolute ethanol, invert tube 
again to mix and store at room temperature for 30 min. 
Critical: Ammonium acetate preferably leaves free nucleotides in solution. 
Pause point: Store the samples in ethanol at -20ºC for weeks since 32P half-life is 
14 days. 
29)  Centrifuge at 18,000 xg for 30 min at 4ºC; aspirate ethanol and air dry DNA 
pellet for 15 min. 
28)  Pre-run a 10% polyacrylamide/8 M urea denaturing sequencing gel for 30 
min at 50 W; re-suspend DNA pellet in 6 µl 1x formamide loading buffer and 
load the entire individual reactions onto separate lanes of the pre-run sequencing 
gel and run at 5 W for 25 min followed by 50 W for 1.5 hours. 
Critical: The lower initial running wattage desalts the samples reducing gel 
warping. 
30)  Transfer the gel onto filter paper, cover with plastic wrap, and dry at 80ºC for 
25 min under vacuum; cool to room temperature under vacuum and expose to a 
phosphorstorage screen overnight. 
31)  Quantify the intensity of each lane and the corresponding loading control 
using a phosphorimaging instrument.  Calculate telomerase activity by subtracting 
the catalytically inactive Asp868Asn TERT mutation lane intensity from each 
lane assuming that intensity in this lane is non-specific background.  These values 
are then normalized by lane activity over the loading control to account for any 
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loading or recovery variation between samples.  Calculate telomerase processivity 
by measuring lane intensities over the first ten major repeats (6 nt per a repeat).  
Loading or recovery variation does not affect processivity since the values are 
compared within each lane. 
32)  During direct assay 1 h incubation time recover RNA co-immunoprecipitated 
with TERT (step 22) by adding 50 µl 1x SDS elution buffer and incubate at room 
temperature for 10 min with occasional tapping. 
33)  Add 250 µl water and 300 µl acid phenol; vortex for 30 sec to mix and 
centrifuge at 18,000 xg for 15 min at 4ºC. 
34)  Transfer the aqueous phase to a fresh 1.5 ml centrifuge tube and recover the 
RNA by ethanol precipitation: add 30 µl 3 M sodium acetate and 3 µl glycogen; 
invert tube to mix, then add 900 µl absolute ethanol, invert tube again to mix and 
store at -20ºC overnight. 
35)  Centrifuge at 18,000 xg for 30 min at 4ºC; aspirate ethanol, air dry for 5 min, 
and re-suspend the RNA pellet in 20 µl 1x formamide loading buffer. 
Pause point: RNA samples can be stored at -20ºC for months. 
36)  Heat denature RNA samples at 65ºC for 10 min and load 10 µl of the 
recovered RNA onto a 4% polyacrylamide/8 M urea denaturing gel; perform 
northern blot to confirm similar levels of TR co-immunoprecipitated with TERT. 
 
6.4.  Anticipated results 
 A benchtop overview of the critical steps for the in vivo reconstitution of 
telomerase activity, cell lysis, telomerase purification, and functional telomerase 
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analysis (Figure 6.3).  The most basic in vivo reconstituted telomerase direct 
activity assay minimally consists of candidate TERT and TR mutants analyzed 
concurrently with wild-type and catalytically inactive TERT Asp868Asn as 
positive and negative controls, respectively (Figure 6.4).  The candidate TERT 
and TR mutants are easily introduced into the pcDNA-3xFLAG-hTERT and pBS-
U1-hTR plasmids by overlap extension PCR (Ge & Rudolph, 1997).  Anti-FLAG 
antibodies have increased affinity for the 3xFLAG-tagged hTERT increasing the 
efficiency of immunoprecipitation and the sensitivity by western blot analysis for 
TERT.  These wild-type, mutant, and catalytically inactive telomerase are in vivo 
expressed and reconstituted in HEK293FT cells by transient transfection.  A non-
detergent based cell lysis procedure is employed so as to not denature proteins or 
damage the reconstituted telomerase enzymes.  The western blot analysis for 
TERT confirms similar levels of expression, eliminating a reduction in the 
telomerase catalytic component as a source of decreased activity (Figure 6.4B and 
C). 
 The direct assay is performed with telomerases retained on the anti-FLAG 
beads.  This eliminates variability in elution efficiencies between samples, 
simplifies, and shortens the length of the procedure.  Functional analysis by direct 
assay must be performed immediately following telomerase purification to 
prevent protease or RNase degradation as well as damage induced by a free-thaw 
step for storing the enzyme at -20ºC to -80ºC.  RNA extracted from a portion of 
the purified telomerase is used for northern blot analysis.  Immunoprecipitation of 
TERT resulting in equal levels of TR extracted demonstrate similar amounts of 
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the telomerase enzyme.  Additionally, defects in TR binding by the TERT protein 
would manifest in the northern blot eliminating defects in ribonucleoprotein 
formation as a source of a defect in telomerase activity (Figure 6.4B and C). 
 Defects in telomerase nucleotide addition manifest in a decrease in band 
intensity across the entire length of the lane (Figure 6.2A).  In contrast, defects in 
telomerase processivity, selectively impair template translocation efficiency and 
promote complete product release (Figure 6.1).  Processivity defects do not 
inherently affect nucleotide addition and can manifest independently.  The three 
telomerase mutations negatively and exclusively affect nucleotide addition while 
retaining while-type processivity (Figure 6.4). 
The direct primer-extension assay independently assesses telomerase 
functionality for nucleotide addition and processive repeat addition by the 
visualization of telomerase-extended products.  There are no intermediate steps 
which would cause qualitative or quantitative changes to telomerase generated 
products.  By coupling this powerful tool for interrogating telomerase function 
with in vivo reconstitution and in the presence of physiological nucleotide 
concentrations, accessory protein compensation or amplification of core 
telomerase component mutation defects are revealed alongside nucleotide binding 
deficiencies.  On bead assaying immunoprecipitated telomerase from cell lysates 
increases assay sensitivity as well as eliminating TERT-TR protein-RNA binding 
as the mechanism for impaired telomerase function.  This protocol is 
comprehensive for the initial assessment of telomerase defects from candidate 
mutations found in human patient populations.  
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Figure 6.1.  Simplified model of the telomerase catalytic cycle.  The telomerase 
catalytic cycle has two phases.  The first phase is nucleotide addition (violet), 
common to all polymerases.  The second, template translocation (light blue) is 
unique to telomerase and is necessary for the processive synthesis of DNA 
repeats.  Unsuccessful template translocation results in complete product 
dissociation (orange) from the telomerase enzyme.  
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Figure 6.2.  Schematic of the four major steps of this protocol.  HEK293FT 
cells are transfected with plasmids for the overexpression of wild-type and mutant 
human TERT and TR.  These cells are lysed with the expression of TERT 
confirmed by western blot.  Telomerase is purified by anti-FLAG 
immunoprecipitation.  RNA extracted from this purified telomerase and used for 
northern blot confirms comparable pull-down of TR by TERT.  The purified 
telomerase is used for direct assay which analyzes nucleotide activity and repeat 
addition processivity.  
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Figure 6.3.  Benchtop outline of the functional telomerase assay.  Simplified 
protocol outlining the most critical steps for transfection, cell lysis, purification, 
and direct assay reaction. 
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Figure 6.4.  Representative direct assay analysis of TERT mutants.  (A) 
Typical results of direct assay.  Telomerase generates a ladder banding pattern 
with high molecular weight products no longer resolved and forming a smear at 
the top of the gel.  A loading control (l.c.) confirms similar levels of recovery and 
gel loading.  (B) Western blot of human TERT (hTERT) from cell lysate to 
demonstrate similar expression levels.  GAPDH was included as an internal 
control.  (C) Quantitation of telomerase activity.  Comparison of aggregate 
telomerase activity across the entire span of the lane.  (D) Quantitation of 
telomerase processivity.  Comparison of band intensities of the entire lane over 
the first ten major repeats. 
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Table 6.1.  Troubleshooting common problems.  Table of common problems, 
the underlying reason(s), and the solution(s).  
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CHAPTER 7 
CONCLUDING REMARKS 
 
 
 The work described herein has focused on the identification and 
characterization of the highly divergent and enigmatic TR.  The results of this has 
been the identification of numerous TR from the echinoderm lineage, a group of 
species with only a single previously reported TR.  These additional echinoderm 
TRs have afforded structure determination for the unique central domain found 
within the purple sea urchin.  A novel central domain architecture was discovered 
within brittle star TRs, expanding the known structure for the critical element.  
Future work will focus on the cloning of a brittle star TERT for the reconstitution 
of telomerase activity, necessary for establishing whether this central domain 
harbors a—as well as the minimal—distal stem-loop moiety necessary for the 
stimulation of telomerase activity.  Additionally, echinoderm TRs have yet to be 
identified within the sister classes of sea urchins and brittle stars, sea cucumbers 
and starfish. 
 The protozoan TR from Trypanosoma brucei has been characterized to 
determine the minimal regions necessary and sufficient for the reconstitution of 
the telomerase activity with the TERT protein.  The secondary structure has been 
determined by minimizing the RNA to a suitable size and simplified form for 
SHAPE analysis.  The minimal structure of the distal stem-loop moiety necessary 
for the stimulation of telomerase activity has been found, revealing an original 
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RNA structure for RNP formation.  Further studies will focus on determination of 
specific structural elements within the two minimal TR fragments, which include 
the specific mechanism for the template boundary element as well as the residues 
within the pseudoknot and distal stem-loop moiety that are bound by the TERT 
protein. 
 The initial minimization of purple sea urchin TERT is an important step 
towards the eventual goal of determining a crystal structure.  This is of particular 
importance due to the confirmed unique distal stem-loop moiety located within 
the central domain.  Co-crystallization of the purple sea urchin TERT within the 
TR would reveal how the telomerase RNP evolved to compensate for radically 
different RNA structures which are necessary for the stimulation of telomerase 
activity.  The comparative analysis of a purple sea urchin telomerase RNA-protein 
crystal structure against that of the published fish RNA-protein crystal structure 
would provide crucial understating of RNA-protein co-evolution.  There is still 
much work necessary prior to achieving this goal which includes the expression 
and purification of recombinant monomeric purple sea urchin protein before the 
start of crystallization trials. 
 A detailed complete protocol has been devised for the analysis of human 
telomerase candidate mutations.  This protocol has built on the previously 
reported direct primer-extension assay which analysis telomerase for nucleotide 
addition activity and repeat addition processivity.  A recent report has 
demonstrated that defecting in telomerase processivity alone can manifest as 
syndromes of short telomeres within human patients.  Improvement to the in vivo 
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telomerase expression system, purification method, and assay conditions will 
improve the quality of human disease mutation assessment. 
 This cumulated work has demonstrated that TRs retain essential 
components throughout all explored taxa necessary and sufficient for telomerase 
RNP formation and catalysis of nucleotide addition into chromosome ends.  It has 
been demonstrated that vertebrate and filamentous fungal TRs share a highly 
similar distal stem-loop moiety which is likely the result of a common ancestor 
TR harboring a similar structure.  However, it cannot be excluded that this 
apparent similarity is not simply the result of convergent evolution necessitated 
by few solutions for telomerase RNP formation.  The identification of entirely 
unique distal stem-loop moieties within echinoderm and Trypanosoma TRs 
discounts a convergent evolution theory by demonstrating that there are numerous 
possible solutions, with likely more yet to be discovered, for telomerase RNP 
formation and the simulation of activity.  Thus the identification and 
characterization of additional TRs is absolutely vital for understanding the myriad 
of solutions for stable RNA-protein interactions.  Telomerase remains an 
excellent model owing to the highly divergent TR, which provides numerous 
novel RNA structures specific for specific protein interactions while 
simultaneously prohibitory for TR discovery.  The identification of additional 
TRs furthers the study of the telomerase enzyme as well as the general 
understanding of RNP formation and functionality.  
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APPENDIX A 
MULTIPLE SEQUENCE ALIGNMENT OF VERTEBRATE TR FROM 
MAMMALS, AVIANS, AMPHIBIANS, TELEOST AND CARTILAGINOUS 
FISH 
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Multiple sequence alignment of vertebrate TRs.  Vertebrate species chosen 
represent mammals, avians, amphibians, teleost and cartilaginous fish (J-L Chen 
et al., 2000; Podlevsky et al., 2008; Xie et al., 2008).  Shading indicates >80% 
conserved (color shaded) residues. 
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APPENDIX B 
TABLE OF ECHINODERM TRANSCRIPTOME AND GENOME 
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APPENDIX C 
SEQUENCING ERROR IN OPHIOCOMA ENCHINATA TR TRANSCRIPT 
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MULTIPLE SEQUENCE ALIGNMENT OF SEA URCHIN AND BRITTLE 
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APPENDIX E 
SECONDARY STRUCTURES, SEQUENCES, AND SEQUENCING READ 
COVERAGE OF SEA URCHIN, BRITTLE STAR, AND PUTATIVE 
FEATHER STAR TR IDENTIFIED IN THIS STUDY  
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189 
Dendraster excentricus TR (558 nt*) 
 
AGGCCCAAUU GUGCUUGCCA ACCAUUGGUA AUUUUCGCCA GAGGGCUCCA 
GUGCGAUGAA UUUCGCCUCU CCUAACCCUA GGUUUUCCUU UAAAAACCUG 
CGGAUAUUUU GCAGUUUUCU UGCCAGUUUU CUGGGAAAUG CAGGUUUUUC 
UUCUCGUGUU CGUUAAGCGC AAAAAGCUGG CUAGGCUUCU GGUGGGAGAU 
ACCUCGAAUU CGCUGUACAC UUAUUUGGCG UUACUGUUGC AAGGUGUCGG 
UCCCACGCGU UUAUUCUCGU GUGGGACUGA GCCUCGUACA GAAAUGCCAC 
ACCAACUCGC GGCUUUCGAU UCUGCUGUUG UCUUGAGCCU UCAUAAUGCA 
UUACUCUCAA UCGCAAAUGU AUGGCCGCAG GCGCCUGCAU UAUAUGUUGC 
ACGUUGAGUA GCAGAUGCUA UGUCGGGCCA UGAUUAGACA AUGCCAAUGU 
GAAAUGAAUC GCCGUGUGUU GGUAGCUGCU ACAAGAUCAA AUUUGGAUAC 
CGGUUGUCAA CCUUUUGUUC GAGACCAUGA CAUAAAGGAA ACCGGUUGCC 
AUACAUCU 
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(A)  D. excentricus TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’- and 3’-ends were 
confirmed by RACE (*).  The triple helix in the pseudoknot is denoted (green 
lines).  The 558 nt sequence of D. excentricus TR is presented (middle).  The 
template, box H, and ACA denoted within the sequence (underlined).  Sequencing 
read coverage for D. excentricus TR (bottom). Sequencing data generated by 
RNA-seq of size-selected RNA performed in the study.  The 3’-end of the RNA-
seq transcript is denoted (dashed line). 
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192 
Echinocardium mediterraneum TR (~609 nt) 
 
ACAAUUACGG AAAUAAAGAA AGUUCAAAAU AAAGGGACUU GAGCCGAGGG 
GCCUCGUCCU AGGUACAGGA CUGCGGUCUU UCCGCAUUUU CUAACCCUAU 
CUUACAGUUA GUUUCAAAAC UUGCAAGACA UUCGUAGUUU UUAGACUGGC 
UUUCUGUGAA AUGCAAGUUU UCUUUUGAGA GGUACCCGGU AUUAGCGCAA 
AAAGCUGGUU CACCUAACCU UUCAAGUAUC GGAAAAUCGA AUUCGAUUGU 
GUCACUUUAG CAGUGGUGGG UCGAGUGUUU GGUCAGCCCC AUACACGUUU 
AAUCGCAUUG UAACUGGGAA CUUGAACACU GCACGAGAUC UGCCAAACGA 
CAAGCGUUGU CCACUUGUGG UAGUAUGGAG CUUUGAAGAG CCACUGUUAG 
UCGCACUGUU UCUGAAGCAG ACGUCUGCUU UCAGUUGAUG CACGCUAAAC 
GAGGAGGCAA UUCGAGCUGU GAAAUAACUG CCAAUUUUCA GUCAAGUGUG 
UCACUGCUUG UCGGGAUUAC UAGAGUAACU AAAAUGAAUA AAGACUUCUA 
UAAACCUGGU GUCUGAAUCA AUGACAUUCA UGGUGAGACU UGUCUUUAUA 
CAAACAUUA 
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(B)  E. mediterraneum TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’-end is based on the 
end of the available sequencing data and 3’-end was determined as three 
nucleotides downstream of the box ACA motif as previously described (J-L Chen 
et al., 2000).  The triple helix in the pseudoknot is denoted (green lines).  The 609 
nt sequence of E. mediterraneum TR is presented (middle).  The template, box H, 
and ACA denoted (underlined).  Sequencing read coverage for E. mediterraneum 
TR (bottom). Sequencing data obtained from publically available databases 
(Appendix B).  
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Abatus cordatus TR (~501 nt) 
 
CCGCAAUUUC UAACCCUAUC UUUCGGUUAU UUUGAAAACU UGCAAUAGAU 
UCGCAGUUUU CAGACUGGCU UUCUGCGAAA UGCAAGUUUU CUUCAGGGAG 
GAAUUGGCGC AAAAAGCUGG UUUACCUUUC AAGUGUCGGA AAAUCGAAUU 
CGAUGUACCA GUACCGGUAG AUCGAACGUG GUGCUACUGC CCCAUACAUG 
CUCAUGCGUG UAUGGAAGAG GCUCUGCUGG AGAUCUGCCA ACGACAUGCG 
GUGUUCAUUU UGUGGUAUGG UUAUCGAGCA UAUGAAGAAC CACUCUCAGU 
CGCACUCUUU CUGAAGCAGA CGUCUGCUUU CAGUCAAUGC ACACUGAACA 
GUAGGUGAAU CGGGCUAGGA AAUAACCACA UUUUAGUCAA GUGCGACACU 
GUUUGUCAGG AUACAAGAUU AAAGCUAAAG ACUGGCCUAA AAACCUUGUG 
UCAGAAUCAA UGACAUACAC GGUGAGACGG UCUUUAUACA CGCACACAUU 
U 
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(C)  A. cordatus TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’-end is based on the 
end of the available sequencing data and 3’-end was determined as three 
nucleotides downstream of the box ACA motif as previously described (J-L Chen 
et al., 2000).  The triple helix in the pseudoknot is denoted (green lines).  The 501 
nt sequence of A. cordatus TR is presented (middle).  The template, box H, and 
ACA denoted (underlined).  Sequencing read coverage for A. cordatus TR 
(bottom). Sequencing data obtained from publically available databases 
(Appendix B).  
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Abatus agassizii TR (~440 nt) 
 
GAAGGAAACA GGACUGCGGC GUUUCUCCGC AAUUUCUAAC CCUAUCUUUC 
GGUUAUUUUG AAAACUUGCA AUAGAUUCGC AGUUUUCAGA CUGGCUUUCU 
GCGAAAUGCn AGUUUUCUUC AGGGAGGAAU UGGCGCAAAA AGCUGGUUUA 
CCUUUCAAGU GUCGGAAAAU CGAAUUCGAU GUACCAGUAC CGGUAGAUUG 
AACGUGGUGU Unnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn 
nnnnnnnnnn CUGCCAACGA CAUGCGGUGU UCAUUUUGUG GUAUGGUUAU 
CGAGCCUUUG AAGAACCACU CUCAGUCGCA CUCUUUCUGA AGCAGACGUC 
UGCUUUCAGU CAAUGCACAC UGAACAGUAG GUGAAUCGGG CUAUGAAAUA 
ACCACAUUUU AAUCAAGUGC GACACUGUUU GUCAGGAnnn 
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(D)  A. agassizii TR secondary structure has a putative architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’- and 3’-ends are based 
on the end of the available sequencing data with the H/ACA domain not 
sequenced.  The gap in sequencing data was resolved by comparison with the 
sister species A. cordatus TR.  The triple helix in the pseudoknot is denoted 
(green lines).  The 433 nt sequence of A. agassizii TR is presented (middle).  The 
template (underlined) and undetermined sequence (n) are denoted.  Sequencing 
read coverage for A. agassizii TR (bottom). Sequencing data obtained from 
publically available databases (Appendix B).  
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Schizocosmus abatoides TR (~327 nt) 
 
GGAAGGAAAC AGGACUGCGG CGUUUCUCCG CAAUUUCUAA CCCUAUCUUU 
CGGUUAUUUU GAAAACUUGC AAUAGAUUCG CAGUUUUCAG ACUGGCUUUC 
Unnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn 
nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn 
nnnnnnnnnn nnnnnnnnnn nnnnnnnnGC AUGCGUGUAU GGAAGAGGCU 
CUGCUGGAGA UCUGCCAACG ACAUGCGGUG UUCAUUUUGU GGUAUGGUUA 
UCGAGCCUUU GAAGAACCAC UCUCAGUCGC ACCUUUCUGA AGCAGACGUC 
UGCUUUCAGU CAAUGCACAC UGAACAGUAG GUGAAUCGGG CUAGGAAAUA 
AUCAAAUUUU AGUCAAGUGC GACACUGUUU GUCAGGAUAC AAnnn 
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(E)  S. abatoides TR secondary structure has a putative architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’- and 3’-ends are based 
on the end of the available sequencing data with the H/ACA domain not 
sequenced.  The gap in sequencing data was resolved by comparison with the 
closely related S. purpuratus TR.  The triple helix in the pseudoknot is denoted 
(green lines).  The 446 nt sequence of S. abatoides TR is presented (middle).  The 
template (underlined) and undetermined sequence (n) are denoted.  Sequencing 
read coverage for S. abatoides TR (bottom). Sequencing data obtained from 
publically available databases (Appendix B).  
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Eucidaris tribuloides TR (~570 nt) 
 
UGUGAUUGGA CUUGGAGUUA GCUGGUGCAC UAAAACGCGU GGUGGUAACA 
UACGAGUGGA GAGGCCUCCA CUAAUCUAAC CCUAGUAGAU UUCUGUGUGC 
UCGAAUUUUG GGACGUAGUU UUCAAACUAG GCUUUCUACG AACCUCGAGU 
ACAUUUUUAG CGAGUGGUGG GCGCAAAAAG CUGGUUUUAC CUUUGCGUGU 
UGGACGGUUG AACUCGACGU GCCCAAACUG UCCCCCUGCU GGAACUGUUC 
GGUCCCACUC GCUGACAUCU GCGAUGGGCC UUUAAUCUUG CAGGUGGAUC 
AAGACGUUUG CUGGCCAUUU UCUCACCCGA CAUCGAGCCU GCUUCUAGAU 
CACUCUCAGC CGCAUGUGUU AGAUUGCAGA CGUCUGCUUU CAUACAUUUG 
CAAGUUGAGA AGAAGAUUUU UUUAGCUGGG GCUAAGAGAU GUCGAUUUUU 
CGUGGAAUAU UCAGCUUUUA UGUCUGCAGG CACCAGACUA AACUUGAACU 
CAAAAAUGCU UUUCUGUUCU CAUGUUAAAA GUCAUACAUG GGGGGGCAUU 
CUUUUGUAGU CUUUACAUUU 
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(F)  E. tribuloides TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain comprises 
two large helices which is highly similar to S. purpuratus TR.  Invariant (red) and 
>80% conserved (orange) nucleotides based on multiple sequence alignment of  8 
sea urchin and 1 sand dollar species (Appendix E).  The 5’-end is arrpoximated 
and 3’-end was determined as three nucleotides downstream of the box ACA 
motif as previously described (J-L Chen et al., 2000).  The triple helix in the 
pseudoknot is denoted (green lines).  The 570 nt sequence of E. tribuloides TR is 
presented (middle).  The template, box H, and ACA denoted (underlined).  
Sequencing read coverage for E. tribuloides TR (bottom). Sequencing data 
obtained from publically available databases (Appendix B).  
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Ophiocoma echinata TR (431 nt*) 
 
ACAAUGAGAA UGGAACCCUU CUUGAGAGAA GCAUGUGUGA ACUUACGUUC 
ACACUAACCC UAGAUUUUCC ACCCCUUUGC UUUGCUAUAU CUGACAGUUU 
UUGUAGCUAG UUUUCUGCUA GAUGUAAAGG GGGCAAGGUU UUGAUCGUAG 
CGAAAGAAAC UAGCUUGCUU UGAAACCGUC AAAACGGGGU CGCUUUCUCA 
AGUGUGAAGG CCAGAAUACA GAGGUGGUAU UGCUGGUGGG GCAAGCAAGA 
CUGCGGAAUU CGGCAGCGUG GUUGUUAAUC AUUGCAAGUC GUCAUCUGUG 
GUUCUUUCUU GUAUUAACUC ACCCUGGCAG UCUGUACACU GUUAUUGAUA 
CCUUUCACGC AGAGCAAACA UGGUGCUUGA UAUGCCUUCU UCCAAGCUAU 
GGAAUUAAGG AUGAUAUUGC ACCAAACAUU U 
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(G)  O. echinata TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain harbors 
only a single large helix which is divergent from S. purpuratus TR.  Invariant 
(red) nucleotides based on multiple sequence alignment of  3 brittle star species 
(Appendix E).  The 5’- and 3’-ends were confirmed by RACE (*).  The triple 
helix in the pseudoknot is denoted (green lines).  The 431 nt sequence of O. 
echinata TR is presented (middle).  The template, box H, and ACA denoted 
within the sequence (underlined).  Sequencing read coverage for O. echinata TR 
(bottom). ).  Sequencing read coverage for E. tribuloides TR (bottom). 
Sequencing data obtained from publically available databases (Appendix B).  The 
5’- and 3’-end of the RNA-seq transcript is denoted (dashed line). 
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Ophiothrix spiculata TR (~473 nt) 
 
CACGUGUAGA GUCGCUAACU GCACUGAAUU AUGUGAUCAU GAUUCAUGUU 
CAUUGAACUU CAUUCAUUCG AGUUCCGGCU GUCAUUGUAG CAUGUACACU 
AACCCUAAGG UUUCUCUUGC CCUCUGUAAG CUUAUUCUGA UAGUUUUUUC 
AGCUAAUUUU CUAUCAGUUG CAGAGGGUAU AUUGUAUAGA GCGUUGCAAA 
AGAAAUUAGC UUGCUGCAAA UUAUCAAGAU AGUCUGGAAU UUGUGUAAGU 
GUGUAGGAUA UACAGGUGUU CUUUAUUCUG CAUUGGGGCA AGACAGACUG 
CCGAAUUCAG CAGUAUUCCA UUACAAGCUU GUCUUCGUCU GUAGGUCUUG 
UUACAACUCA AUCAGUCUAU GUACCCUUGU UACUUACCUU ACGAACAAGA 
GUAAACUUGG UGUAAUUUGC AACCUGUAUU CUUAGAUAUA GAAUUUAGGU 
UUAUGAUGUG ACACCAGACA UUU 
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(H)  O. spiculata TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain harbors 
only a single large helix which is divergent from S. purpuratus TR.  Invariant 
(red) nucleotides based on multiple sequence alignment of  3 brittle star species 
(Appendix E).  The 5’-end is arrpoximated and 3’-end was determined as three 
nucleotides downstream of the box ACA motif as previously described (J-L Chen 
et al., 2000).  The triple helix in the pseudoknot is denoted (green lines).  The 473 
nt sequence of O. spiculata TR is presented (middle).  The template, box H, and 
ACA denoted (underlined).  Sequencing read coverage for O. spiculata TR 
(bottom). Sequencing data obtained from publically available databases 
(Appendix B).  
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Ophioderma panamense TR (427 nt*) 
 
UGAAACAAAU GAGAAUGAAA CCCGCCACAG CGAAGCAUGU GUGGGCUACU 
UGCUCACACU AACCCUAAGC CUUUUUUCCC CUCCGUUCCC UAUAUCUGGC 
AGUUUUUUAG CUAGUUUUCU GCUGGAUGCG AAGGGGCACG UUUACGUUCG 
UAGCAAAAGA AACUAGCUUG CUUUGAAAAC GAUAAUACGG GUCGAAUUCU 
CGUGUGUGGA UCGGAGUACA CUGCUUGUAC UGCUGGUGGG ACAGGCGAGA 
CUGCCAAAUU UGGCAGCAUG AAUGUCAUUG CAAGCCGUCU UUGGUGGUUC 
UUUCUUGUAC CAACUCAUCU UGGCAGUCUG UGCACUGUUA UUGGUUAUCU 
UUCACACAGA GCAAACAUGG UGCAUAAUAU GCCUUCUUCC AAGCUGUGGA 
AUUAGGAUGA UAUUGUACCA GACAUUU 
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(I)  O. panamense TR secondary structure has an architecture of three major 
domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain harbors 
only a single large helix which is divergent from S. purpuratus TR.  Invariant 
(red) nucleotides based on multiple sequence alignment of  3 brittle star species 
(Appendix E).  The 5’- and 3’-ends were confirmed by RACE (*).  The triple 
helix in the pseudoknot is denoted (green lines).  The 427 nt sequence of the O. 
panamense TR is presented (middle).  The template, box H, and ACA denoted 
(underlined).  Sequencing read coverage for O. panamense TR (bottom). 
Sequencing data generated by RNA-seq of size-selected RNA performed in the 
study.  The 3’-end of the RNA-seq transcript is denoted (dashed line).  
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Ophioderma longicauda TR (~262 nt) 
 
nnnACCCGCC ACAGAGAAGC AUGUGUGGGC AAAUUGCUCA CACUAACCCU 
AAGCCUUUCU UCCCCUCCGU UCCCUAUAUC UGGCAGUUUU UGUAGCUAGU 
UUUCUGCUGG AUGCGAAGGG GCACGUUUAC GUUCGUAGCA AAAGAAACUA 
GCUUGCUUUG AAAGCGAUAA CACGGGUCGA AUUCUCAUGU GUGUGGAUCG 
GAAUACACUG CUUGUACUGC UGGUGGGACA GGCGAGACUG CCAAAUUCGG 
CAGCAUGAAU GUCAUnnn 
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(J)  O. longicauda TR secondary structure has a putative architecture of three 
major domains: pseudoknot, LCR4/5, and H/ACA (top).  The central domain 
harbors only a single large helix which is divergent from S. purpuratus TR.  
Invariant (red) nucleotides based on multiple sequence alignment of  3 brittle star 
species (Appendix E).  The 5’- and 3’-ends are based on the end of the available 
sequencing data with the H/ACA domain not sequenced.  The triple helix in the 
pseudoknot is denoted (green lines).  The 262 nt sequence of O. longicauda TR is 
presented (middle).  The template (underlined) and undetermined sequence (n) are 
denoted.  Sequencing read coverage for O. longicauda TR (bottom). Sequencing 
data obtained from publically available databases (Appendix B).  
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Anneissia japonica TR (~250 nt) 
 
GGAGUGUAGC GGUUCGCACG UGUAACCCUA ACCCUAGAGA CUCGUUUGGC 
AUGCUUUCGG CAAACCAACA GUUUUCAUGU UGCCUUUCUG UUGGnnnnnn 
nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnnnnnnn nnAGUGUAAA 
AAGGCAUUCC UGUUUGGUUG GUACAUCAUG CGAGGGGGUA CAUUGCUGUG 
UUGUUUCAAA AACGAAAUCU GGCCCCAACA AACCUAGUCG CAUUUCUCGG 
nnn 
 
 
 
(K)  A. japonica TR secondary structure has been putatively determined 
selectively for the pseudoknot domain due to the low abundance of sequencing 
reads corresponding to the putative TR.  The transcriptome sequencing for A. 
japonica was paired-end, which permitted resolving the gap in the loop 
connecting P2b and P3 by the average insert size in the sequencing data.  The 
putative triple helix in the pseudoknot is denoted (green lines). The 253 nt 
sequence of A. japonica TR is presented (bottom).  The template (underlined), 
putative 5’-template extension, and undetermined sequence (n) are denoted.  
Sequencing data obtained from publically available databases (Appendix B).  
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APPENDIX F 
SHAPE ANALYSIS OF OPHIOCOMA ECHINATA CENTRAL DOMAIN 
ARCHITECTURE  
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(A) Secondary structure of the Ophiocoma echinata central domain appended at 
the 5’- and 3’-end with SHAPE adapter stem-loops to determine the flexibility of 
each nucleotide at every position.  (B) The NMIA chemically modified and mock 
DMSO treated RNA was used for an RT reaction with a 32P-end labeled DNA 
primer ‘GAACCGGACCGAAGCCCG’ which is reverse commentary to the 3’-
SHAPE adapter and the DNA products resolved on a 6.8% polyacrylamide/8M 
urea denaturing gel.  Two sequencing reactions of untreated RNA included 
ddGTP and ddATP.  Gels were run for 6, 4, and 2 hours (left to right).  Numbers 
to the left of each gel denote the position and residue in the RNA construct.  (C) 
Absolute SHAPE reactivity at each position in the RNA construct with select 
residues that are upstream (-) of the start or downstream (+) of the end of the 
RNA construct are included.  
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APPENDIX G 
SEQUENCE OF CLONED TRYPANOSOMA BRUCEI TR USED FOR THIS 
STUDY  
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5’-
*TAATGTAGTACTTCGTATGCGGTTTCGTCGGGTGGTATCCCGGTGTTCCAGTG
ACAGCGGTTCCCCTTCCGTGTTTTTTTTTTTTCGGGGTTCCTAAG*GAGAAGTA
AATCAAGCAACGAAAGGCAGCTCAGGTGGCGGAAGTTCAGTATATTAACGTTAT
TTGTGCGCGTATATGTAGGTTACATTTAGCTTTACCACTAGACAAAACCTCTCT
CCCATCCCTGGAAGGCAGTGTGTCTGTGTGCCTTGTTTTCTTCTTTTGCTGTGC
CAACTGTACTACCGGTGATGACTAAAGCGGGAATAT*TTCGCATGTGTGTACGA
ATACACATCGCCGCTGCACCTGAACAAAAGAGGCATAAAAAACACGCTTTGGAT
GGCAATACCGGCTCTGCAAGGCCCGCCGTATGTTGTGATGAACTCCGCGTGCTG
TATTTCCCAACGCTGCGAGCTCGCATGTGCACATTTTCTCCCGTTCACCGTTTA
GCGTTTTCGGTTTCTTTCAACTGTGGAAATTTGTCGTAAGTGTTGCAGTGGTTC
CGCGAAGTTTGACGGTGAGCTATACGCAGATATGCGCAGTATGTTGCATGACGG
CGCGCCTGGCTGAGAATCACCCTCTCGTGGGTGTTTTCTTGGCTATACGATCCC
TAACCCTACTAGCTTTCACGTAGTGCTGTTGGTGTGCAATACACCAGCTGCAGC
CCAGTCCGGTGCCTCTTGCGGCTGATGCTACGCAGAAAAGTGTATATGCTCCTC
CTCTTCACGTCATCATTGTTCCTGCACTGCGACGGCGGAACCAGTTCTGTTGCT
TTCCTCTCTAGCCGGTTTGTTTATTTGACAATCTTGTTAGACAGTTGAGGCGCC
GATTTCACGAAAATGAGGCGGTGGTTTGTGTGCTGGCTGAGTACAACGGGGGAG
GGTGATGGTACAGTTCCTGCGGTTGGCATTTCGGCGCCACACTTTCTCTTCCGT
TCCTTCTTCAAACATTGCTTCCGGCGTCGCTTTTCTTCATCCTTGGCGGTGAAT
GGTGCACCATGTCTTCTTTCGAGCTGTACCCCCCCCCCCCCCCGCATTCAGCAA
CTCTTCTTTCCTCTTCTTTTCCCGGCCACATTGCTACAGCCACCTTAGGAGGGG
GGAGACGGATGTTGCGTTGCGGTGGGGAATTGTCGAACTGATGACAGAGTGGAA
CTTGTTTGAAACGTGT*TGTGGGGGTGGAAAGCTGTTGGATTCTTGCAGAACGT
GTTGCTTTCTTCCGATCTGAGGTAGTACCTGTTATCACCTTTCCGAAGTGGATT
CCCCTTCTCTTCCTGTTGCTTCAGCTTACATCATTTATTCCCTTCATTGTCTTG
TTCCCTTGACGAAAGTGTGTCCAGACGAAATTCGTTTTAGCTTTTTTCTTGTGG
AAGGAAGAGGTAAAGGTAGATATCGGGGAAGACACCCTGACGCATTACCGCGCG
TAGCCGT*TTCCCCTAAATTACAAGCTGCACTTCTCTCTTCATTGTGACTTGAC
AGTAG* 
-3’ 
 
Sequence of cloned T. brucei TR.  T. brucei TR was found to have three 
transcription initiation and three transcription termination sites (*asterisks), 
determined by 5’- and 3’-RACE (Sandhu et al., 2013).  The 897 nt RNA (orange) 
was co-purified with the T. brucei TERT protein and is encapsulated within the 
two larger RNA variants of 1,388 nt (green) and 1,589 nt (blue).  The template for 
telomeric DNA synthesis within the TR is denoted (bold black). 
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APPENDIX H 
TABLE OF PRIMERS FOR PCR AMPLIFICATION OF TRYPANOSOMA 
BRUCEI TR FRAGMENTS 
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APPENDIX I 
SHAPE ANALYSIS OF TRYPANOSOMA BRUCEI TR MINIMAL 
FRAGMENTS 
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(A, D) Secondary structure of the Trypanosoma brucei pseudoknot domain and 
3’-Fragmant appended at the 5’- and 3’-end with SHAPE adapter stem-loops to 
determine the flexibility of each nucleotide at every position.  (B, E) The NMIA 
chemically modified and mock DMSO treated RNA was used for an RT reaction 
with a 32P-end labeled DNA primer ‘GAACCGGACCGAAGCCCG’ which is 
reverse commentary to the 3’-SHAPE adapter and the DNA products resolved on 
a 6.8% polyacrylamide/8M urea denaturing gel.  Two sequencing reactions of 
untreated RNA included ddGTP and ddATP.  (B) Gels were run for 7, 6, 4, and 2 
hours (left to right).  Numbers to the left of each gel denote the position and 
residue in the RNA construct.  (C, F) Absolute SHAPE reactivity at each position 
in the RNA construct with select residues that are upstream (-) of the start or 
downstream (+) of the end of the RNA construct are included.  
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APPENDIX J 
SECONDARY STRUCTURES OF TRYPANOSOMA TR PSEUDOKNOTS 
AND 3’-FRAGMENTS  
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Secondary structures of Trypanosoma TR pseudoknots and 3’-fragments.  
Corresponding regions of the minimal tbrTR pseudoknot (248-499) and 3’-
fragment (782-828) were excised from available Trypanosoma genome data with 
secondary structures for T. congolense (A), T. vivax (B), T. cruzi (C), and T. grayi 
(D) derived from the multiple sequence alignment (Figure 4.7) and SHAPE 
analysis for tbrTR (Appendix I). 
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APPENDIX K 
AMINO ACID AND CODING DNA SEQUENCE FOR ECHINODERM TERT 
PROTEINS IDENTIFIED IN THIS STUDY 
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Lytechinus variegatus TERT (1,157 aa) 
 
MDILERIYPK VSRLEDFLRG LDGCPPLYLP KDKAGYKAFL HSTLVGIPSS 
HVYYKGPLDY TQHSDHMEVI NRVMRRLQRQ GRSGKNVILN GFSSWRSEGD 
CAGNIDVPNN NVDQLKIPFW RKLLSRIGDE LMMHILENLS IFAAAPPSCY 
IQLTGFPVSL LISSTPSNTS PIKLSMKEGK SCQFEDENKV RCKRKRGERE 
GHDEGNAKFL KTEQGAHRIH PREDRSYCIL NACYSKRLGH SWSRHDFMSV 
YPASNSGAQR LTRHIFSSSC ESALTSGKSD AVTRYLVKGR DDDGIQGDNK 
VKKRKKLQRT CRRLIKVQNL LKTLLAQHRK LNLKSILNHQ CPMNIPQESN 
TKKVAATPPP SSESVSSEKS LIELRNESQQ EGYSPKVFQR KKPHRRVPGN 
TQLCGVGISN NSCSVLLTQS HHDTYSQRKI KKKTERPFPS DATAPNATAK 
STISDSMQSR VKKIRRCKVK TGKGKRLPDD AATLIKMQSD PWQVCLFLRQ 
VLLKAVPYEL WGSVHNRNVF FKGVKKFVGL GRFERLSLRE LTEEIRAEDC 
EWAQLEKFKG HDPPFTSVVK QRQLVTDFFH WLMVGYTIPL IMMCFYVTET 
ASSRNQLIFY RTPVWILLEK IGIQNYVANG VMKPIEEGEV MKRISAGQTL 
GISRLRFIPK TKSLRPITRM GKSVISEKKG LSVRLLLQDL FDVLSYHKVH 
EPSMMGSSLL GIDGIYYKVL KFIQDRKERD DTRPLYFVKV DIEKCYDSIK 
HRKLLQIISM LLQGQDKPDE YFIQRYVTVT KAASTSSGLQ KTTHRHVTTE 
MSIFHRQLIE MAKHGQMKNA IIINQVHTVK VTPKELLHRL EQHVTSDIVK 
SGKKYYWRHD GISQGSILSS LLCSIFYAHL ERCYLSDIDQ EGLMMRLIDD 
FLLVTPHLDK AQRFLHLLLT GVEQYGCSAN PTKTLVNFDF MFDGQMVPRS 
TELFPWCGIV FNTQTLNISN DYTKYDNISI RYTLTMNKDA ALHNMRTKLI 
WSLKAKNVSI FMDPLINSFR TIVVNVYHLL LLLGYRFHSY YHCLANCIQK 
NTRPLQFFNM WASCVRIFHD YVISKLRRDN REDAETTFPL TINTVNWIGL 
KAFETKLSQH RGSYHPIIKL VTTHRRKAAQ KMGKAMLGVI EDMTNPDLPV 
DFKKMRR 
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Lytechinus variegatus TERT CDS (3,474 bp) 
 
ATGGATATCC TGGAAAGAAT CTATCCCAAG GTTTCTCGTC TTGAAGACTT 
TCTTCGAGGT CTGGATGGAT GTCCACCCCT CTACCTCCCT AAAGACAAAG 
CTGGATACAA GGCCTTTCTT CACTCAACTC TGGTAGGAAT CCCATCCAGT 
CATGTATATT ATAAAGGTCC TCTGGATTAT ACACAACACT CGGATCATAT 
GGAAGTGATC AACAGAGTCA TGAGAAGACT CCAGCGCCAA GGACGATCTG 
GAAAGAATGT TATTCTCAAC GGTTTTTCTT CTTGGAGATC AGAAGGTGAT 
TGTGCAGGGA ACATAGATGT TCCAAACAAC AATGTTGACC AACTCAAAAT 
ACCATTCTGG AGGAAGCTAC TAAGCAGAAT TGGAGATGAG TTGATGATGC 
ATATCCTGGA AAATCTCTCT ATATTTGCAG CAGCACCGCC ATCTTGCTAC 
ATTCAACTCA CAGGATTCCC TGTCAGTCTG CTCATCTCAT CAACACCATC 
CAACACAAGT CCAATTAAAT TATCCATGAA GGAAGGAAAG AGTTGCCAAT 
TTGAGGATGA AAATAAGGTG CGATGCAAGA GGAAGAGGGG AGAAAGAGAA 
GGACACGATG AGGGAAATGC CAAATTCTTA AAAACTGAGC AGGGAGCACA 
TAGAATTCAT CCCAGAGAAG ATAGAAGCTA TTGTATTCTG AATGCTTGCT 
ACTCAAAGAG ACTGGGTCAC AGCTGGTCTA GGCATGATTT CATGTCTGTA 
TACCCTGCCT CTAATAGCGG TGCACAGAGG CTGACTCGAC ACATTTTCAG 
CTCGTCTTGT GAAAGTGCTT TGACTTCTGG CAAATCTGAT GCTGTGACGA 
GATATCTAGT GAAGGGTAGA GATGATGATG GCATCCAAGG AGACAATAAA 
GTCAAGAAGA GAAAAAAGCT GCAGCGGACC TGTCGCCGCC TGATCAAGGT 
CCAAAATTTA CTCAAGACTC TACTTGCCCA ACACAGGAAA CTTAATCTTA 
AGAGCATCCT CAACCACCAG TGTCCAATGA ATATACCTCA AGAGTCAAAC 
ACCAAGAAGG TAGCGGCAAC TCCGCCACCA TCCAGTGAAA GTGTATCAAG 
TGAGAAGAGC CTGATAGAAC TCAGGAATGA GAGCCAGCAG GAGGGTTATT 
CACCCAAGGT GTTTCAGCGG AAGAAGCCAC ATCGTCGTGT TCCAGGCAAC 
ACACAGTTGT GTGGTGTTGG TATCTCAAAC AATTCTTGTT CTGTTCTACT 
GACTCAATCC CACCATGATA CCTACTCACA ACGCAAAATC AAGAAGAAGA 
CAGAGAGGCC GTTTCCTAGC GATGCAACTG CTCCAAATGC CACTGCCAAG 
AGTACAATCT CTGATAGCAT GCAAAGCAGA GTAAAGAAGA TTAGGCGATG 
CAAGGTGAAG ACTGGGAAGG GTAAGAGGTT GCCTGACGAT GCAGCAACCC 
TGATCAAGAT GCAGTCAGAT CCGTGGCAGG TGTGTCTCTT CTTGCGTCAG 
GTTCTTCTGA AGGCTGTCCC ATATGAGCTT TGGGGAAGCG TGCACAACAG 
GAATGTCTTC TTCAAAGGTG TGAAGAAGTT TGTAGGACTT GGCCGTTTTG 
AGAGATTATC ATTAAGGGAG CTCACTGAAG AAATAAGGGC TGAAGACTGT 
GAATGGGCCC AGCTTGAAAA GTTCAAAGGT CATGACCCAC CCTTCACATC 
GGTAGTGAAA CAGCGCCAGC TTGTGACAGA CTTCTTTCAT TGGTTGATGG 
TTGGTTACAC TATTCCGCTT ATCATGATGT GCTTTTATGT GACTGAGACG 
GCGAGTTCAA GGAATCAACT TATTTTCTAC CGGACACCAG TCTGGATCCT 
CCTAGAGAAA ATAGGCATTC AGAATTATGT GGCAAATGGA GTTATGAAGC 
CCATAGAAGA GGGTGAGGTC ATGAAGCGCA TATCGGCAGG TCAAACTCTG 
GGTATATCCA GGCTCCGCTT CATCCCGAAG ACCAAGAGCC TTCGACCAAT 
CACAAGGATG GGGAAGTCTG TCATCAGTGA AAAGAAGGGC CTGAGTGTTA 
GACTCCTTCT ACAAGACCTG TTTGATGTCC TGTCCTATCA CAAGGTACAT 
GAACCATCAA TGATGGGTTC TTCCCTACTA GGAATAGATG GAATCTACTA 
CAAAGTATTA AAGTTCATAC AGGATAGGAA AGAAAGAGAT GATACAAGAC 
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CACTGTACTT TGTGAAGGTT GATATTGAGA AGTGTTATGA TTCAATCAAG 
CACAGAAAGC TCCTTCAGAT CATCTCAATG CTACTTCAAG GCCAGGATAA 
ACCAGATGAG TATTTCATCC AGCGGTACGT GACCGTGACG AAAGCAGCGT 
CGACGTCGAG TGGACTTCAG AAGACGACGC ATCGTCATGT GACCACCGAG 
ATGAGTATAT TTCATCGTCA GTTAATCGAG ATGGCCAAGC ATGGACAGAT 
GAAGAATGCA ATAATAATCA ATCAGGTACA CACAGTGAAG GTCACACCTA 
AGGAATTATT GCACAGACTG GAACAACATG TCACGTCAGA TATAGTGAAG 
AGCGGTAAGA AGTACTACTG GCGTCATGAT GGTATCAGCC AAGGCTCCAT 
TCTTTCATCC CTTCTCTGTA GTATATTCTA TGCACATCTG GAGAGGTGTT 
ATCTTTCAGA TATAGACCAA GAAGGACTGA TGATGAGATT GATTGATGAC 
TTTCTTCTCG TCACCCCTCA TCTTGACAAA GCTCAACGTT TCCTTCATCT 
CCTCCTTACA GGTGTGGAGC AGTACGGATG CAGCGCCAAT CCTACCAAGA 
CATTGGTTAA CTTTGATTTT ATGTTTGATG GTCAGATGGT TCCAAGGTCA 
ACAGAGCTGT TTCCTTGGTG TGGTATAGTG TTCAACACAC AGACATTGAA 
CATCAGCAAC GATTACACAA AATACGACAA CATCAGTATC AGATATACTT 
TGACAATGAA CAAAGACGCA GCTCTACATA ACATGCGCAC CAAGCTTATC 
TGGTCTTTAA AAGCCAAGAA TGTGAGCATA TTCATGGATC CACTGATTAA 
CTCTTTCCGA ACGATAGTCG TCAACGTCTA CCATCTGCTC CTACTACTTG 
GTTATCGCTT TCATTCTTAC TACCACTGCC TGGCAAACTG CATCCAGAAA 
AACACACGCC CTCTACAGTT CTTCAATATG TGGGCATCAT GTGTTCGGAT 
ATTTCATGAT TACGTCATCT CTAAGCTGCG CAGAGACAAT CGGGAGGATG 
CCGAGACAAC CTTCCCTCTG ACAATTAACA CTGTCAATTG GATTGGGTTG 
AAGGCCTTTG AGACCAAACT GAGTCAGCAC AGAGGATCAT ACCATCCCAT 
CATCAAACTG GTTACCACAC ACAGACGGAA GGCAGCTCAA AAAATGGGGA 
AGGCCATGTT GGGTGTTATA GAAGATATGA CGAACCCTGA TCTTCCAGTA 
GACTTCAAGA AGATGAGGAG ATGA 
 
 
  
249 
Sphaerechinus granularis TERT (1,163 aa) 
 
MDILERIYPK VSCLEDFLQD LNGFPPLYIP EDKAGYKAFL QTTLVGIPSS 
HLNYNGPLDY TQHSDHMEVL NRVMRRLQRQ GRSGKNVILN GFTSWRSDGD 
CAGTPQSINV PNNNIDQLRI PFWRKLLSRI GDELMMYILE NLSIFVAAPP 
SCYIQLTGFP VNLLISSSPP NIPSPTKPSM MERNRCQFED AVDEEKKVRQ 
KRKREESEGC STGNDSVAKV TKTEQGAHHS SHPRENKKAE SNRYNQDSKD 
FDGVIRGLER SYCILNACYS KRMAHNWSRH DALSKLPASN SGALTLTQHI 
FSSSCESALT SGKSDTAPRH PVKGRDEDCI QGDNKVKKRK KLQRTCHRLI 
KVQTLLKTLL AQHRKLNLKS ILNHQCPMNL PQKSNNENVS VAPSSSGECV 
SSKKSLLELR NESKLEGYAP KVFQRKRSQC RVLSNAKVSS EEQFEGTPKE 
ERVIPGDNGR EESRTKRKTQ HKMKTKKDMR LPHDAATLIK MQSDPWQVCL 
FLRKVLLKAV PDELWGSVHN KNVFFKGVNK FVQLGRFEKL SLKELTEEIR 
AEDCEWSQLE KFRGRDPPFT SLVKQRQLVT DFFHWLMVGY IIPLIMMCFY 
VTETSGSRNQ LIFYRKPVWM LLEKIGIQNY VTNGVMKPIE ESDVDKRISA 
GQTLGISRLR FIPKTKSLRP ITRMGQSVIN EKKGLSVRLL LQDLFDVLSY 
HKVHEPSVMG SSLLGIDGIY HKVLKFIQDR KDKKDTRPLY FVKVDIEKCY 
DSIKHRKLLQ IISMLLQGHD KPDQYFIQRY VTVTRAASSS NGLQKMSHRH 
VTTGLSIFHR QLVEMAKHGE MKNAIIINQV HTVKATPKDL LKRLEQHVMS 
DIVKSGKKYY LRHDGISQGS ILSSLLCSLF YAHLERCYLS DIDQEGLMMR 
LIDDFLLVTP HLDKAQRFLH LLLAGVEQYG CSANPNKTLV NFDFMCDGQM 
VPRSTELFPW CGIVFNTQTL NISNDYTKYN NVSIRYTLTI CRDQESALHN 
MRSKLIWSLK AKNVSIFMDP LINSFRTIVI NVYHLLLLLA YRFHSYYHCL 
ASFVKKNTRP LQFYNIWASC VWIFHAYTIS KLRKDDEEDT ETTFPLTVNT 
INWIGLKAFE TKLSKHKGAY HPIIKLVRSH RRKAALKMGK AMLGVLEDMT 
NPALPKEFKN MRR 
  
250 
Sphaerechinus granularis TERT CDS (3,492 bp) 
 
ATGGATATCT TGGAAAGAAT CTACCCCAAG GTCTCTTGTC TAGAAGACTT 
TCTTCAAGAT CTGAATGGAT TCCCACCTCT CTACATACCT GAAGATAAGG 
CTGGATACAA AGCCTTTCTT CAGACAACCC TTGTAGGAAT CCCATCCAGT 
CATCTCAACT ATAACGGTCC TCTGGATTAT ACACAGCATT CTGATCATAT 
GGAAGTACTC AACAGAGTCA TGAGGAGACT CCAGCGCCAA GGCCGATCTG 
GGAAGAATGT CATACTCAAT GGCTTTACTT CTTGGAGATC AGACGGTGAT 
TGTGCAGGAA CTCCTCAATC AATAAATGTT CCAAATAACA ACATTGACCA 
ACTCAGAATA CCATTCTGGA GGAAGCTACT TAGCAGAATT GGAGACGAGC 
TAATGATGTA TATTCTGGAG AACCTTTCTA TTTTTGTAGC AGCACCACCA 
TCCTGCTACA TTCAACTCAC AGGCTTCCCA GTGAATTTAC TCATATCCTC 
CTCACCACCC AACATACCAA GTCCTACAAA GCCGTCCATG ATGGAAAGAA 
ATCGTTGCCA ATTTGAGGAT GCTGTTGATG AAGAGAAGAA GGTGCGACAA 
AAGCGAAAGA GAGAGGAAAG TGAAGGATGC AGTACGGGAA ATGACTCTGT 
TGCAAAAGTC ACAAAAACTG AGCAAGGGGC ACATCATAGC AGTCATCCCA 
GAGAAAATAA AAAGGCGGAG AGTAATAGAT ATAACCAAGA CTCCAAGGAT 
TTTGATGGTG TGATAAGAGG TCTGGAGAGA AGCTACTGTA TTCTGAATGC 
TTGCTATTCA AAGAGAATGG CTCATAATTG GTCTAGACAT GATGCGTTGT 
CTAAGCTACC TGCCTCAAAT AGTGGTGCAC TGACGCTAAC GCAACACATT 
TTTAGCTCGT CTTGTGAAAG TGCTTTGACC TCTGGGAAAT CTGACACGGC 
ACCAAGACAT CCTGTGAAAG GGAGAGATGA AGATTGCATC CAAGGAGACA 
ACAAAGTCAA GAAGAGAAAA AAGCTCCAGC GGACCTGTCA TCGTCTGATC 
AAGGTCCAAA CTTTACTCAA GACTCTCCTT GCCCAACACA GGAAGCTTAA 
TCTTAAGAGC ATCCTCAATC ACCAATGTCC AATGAACCTG CCTCAAAAGT 
CAAACAACGA GAACGTATCG GTGGCTCCAT CATCATCCGG TGAGTGTGTG 
TCAAGCAAGA AGAGCCTGTT AGAGCTACGG AATGAAAGCA AGCTAGAGGG 
TTATGCTCCC AAGGTGTTTC AACGGAAGAG GTCACAATGT CGTGTTCTAA 
GCAACGCAAA GGTATCATCA GAAGAGCAGT TTGAGGGAAC ACCAAAGGAG 
GAGAGGGTAA TACCAGGAGA TAATGGAAGA GAAGAATCCA GAACGAAGAG 
GAAGACGCAA CACAAGATGA AGACTAAGAA GGATATGAGG TTGCCTCACG 
ATGCAGCAAC CCTGATCAAG ATGCAGTCAG ATCCATGGCA GGTTTGTCTG 
TTCCTGCGTA AGGTTCTCTT GAAGGCTGTC CCAGATGAGC TGTGGGGAAG 
TGTGCATAAC AAGAATGTCT TCTTCAAAGG TGTGAATAAG TTTGTACAAC 
TTGGCCGTTT TGAGAAACTG TCATTAAAGG AGCTCACTGA AGAAATAAGG 
GCGGAAGATT GCGAGTGGTC CCAGCTTGAA AAGTTCAGAG GTCGTGATCC 
ACCCTTCACG TCATTAGTTA AACAGCGCCA GCTAGTGACA GACTTCTTCC 
ATTGGTTGAT GGTTGGTTAC ATCATTCCTC TTATCATGAT GTGCTTCTAT 
GTGACTGAGA CCTCTGGTTC AAGGAATCAG CTTATCTTCT ATCGGAAACC 
AGTCTGGATG CTTCTGGAGA AAATTGGCAT TCAGAATTAT GTGACGAATG 
GTGTCATGAA GCCCATAGAA GAGAGTGACG TAGATAAGCG TATCTCAGCC 
GGTCAAACCC TTGGCATCTC TAGACTCCGG TTCATTCCTA AGACCAAGAG 
CCTTAGACCA ATCACAAGGA TGGGGCAGTC TGTCATCAAT GAAAAAAAGG 
GCCTGAGTGT TAGACTTCTT CTTCAGGATC TGTTTGATGT CCTGTCATAT 
CATAAGGTCC ACGAACCATC AGTGATGGGT TCTTCCCTGC TTGGAATAGA 
TGGTATCTAT CACAAAGTAT TGAAGTTCAT ACAGGATAGG AAAGATAAGA 
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AAGATACAAG GCCACTGTAC TTTGTGAAAG TTGACATTGA GAAGTGCTAT 
GACTCCATCA AACACAGAAA ACTCCTTCAG ATCATTTCAA TGCTACTCCA 
AGGCCATGAT AAACCAGACC AGTATTTCAT CCAGCGTTAC GTGACCGTGA 
CGAGAGCCGC ATCGTCATCG AACGGTCTCC AGAAGATGAG CCATCGTCAT 
GTGACCACTG GATTGAGTAT ATTTCATAGG CAGTTAGTTG AGATGGCCAA 
GCATGGAGAG ATGAAGAATG CTATCATCAT CAATCAGGTT CACACAGTCA 
AGGCCACACC TAAGGATTTG TTGAAGAGAT TGGAACAACA TGTCATGTCT 
GATATAGTGA AGAGCGGTAA GAAGTACTAC TTGCGTCATG ATGGTATCAG 
TCAAGGCTCC ATTCTATCAT CACTTCTTTG TAGTTTGTTT TATGCTCATC 
TAGAGAGATG TTACCTTTCA GATATAGACC AAGAAGGGCT GATGATGAGA 
TTGATTGATG ACTTTCTTCT TGTCACCCCT CATCTTGACA AAGCTCAACG 
ATTCCTCCAT CTCCTACTTG CAGGTGTGGA GCAGTATGGA TGCAGTGCCA 
ATCCTAACAA GACGTTGGTT AACTTTGATT TTATGTGTGA TGGTCAGATG 
GTTCCAAGAT CTACAGAGCT GTTTCCATGG TGTGGTATAG TCTTCAACAC 
ACAGACCCTG AATATCAGCA ATGATTACAC GAAATACAAC AATGTCAGTA 
TCCGATATAC TCTGACTATC TGCAGAGACC AAGAATCAGC GCTTCATAAC 
ATGCGGAGTA AGCTCATCTG GTCTCTGAAA GCCAAGAATG TGAGCATATT 
CATGGATCCA CTAATCAACT CTTTCCGGAC GATAGTCATC AATGTCTACC 
ATCTCCTCCT ACTCCTGGCG TATCGTTTCC ATTCCTACTA CCACTGTCTT 
GCTAGCTTTG TTAAGAAGAA CACACGCCCT CTACAGTTCT ACAATATCTG 
GGCATCATGT GTTTGGATAT TCCATGCGTA TACCATCTCC AAGCTCCGCA 
AAGACGATGA GGAGGATACC GAGACGACCT TCCCTCTGAC AGTTAATACC 
ATCAATTGGA TTGGATTGAA GGCTTTTGAA ACCAAACTAA GCAAGCACAA 
AGGAGCATAT CACCCCATCA TTAAACTGGT CAGGTCACAC AGACGGAAAG 
CAGCTCTAAA GATGGGGAAG GCCATGTTGG GAGTTCTAGA AGATATGACC 
AATCCTGCAC TTCCAAAAGA GTTCAAAAAT ATGAGAAGAT GA  
252 
Sclerodactyla briareus TERT (1,437 aa) 
 
MDILKRAYRQ VLSLRDYLKA VLPEESISKL LHHPKKGFPL FLSKTLVAMV 
TWSPPDRREV PLVTSDHIDQ MQVVEEIIQE LLSSGRTADV LTYGLHRKTG 
SSPSLSFHPD HNYPQLITPY WTNLLQIIGV KNMKDLLLNT SIFIAVSSSY 
IQISGLPVHM VIGKGSSFVP QPPPSSNREK GKASRESQVE TDGPVSAVNF 
CYDKTWHRKL SKTHPLNMLQ ASNKGALELV KLIFPKQNVR DGKRQAKRKI 
NRVPKRLIRS KNLLRQLLAN FKKTPLRVHH PRLNQNPSIK KLFQTGQSTQ 
EQFTIESVSL EKPDKSVSLA ASTSRPCKEP DRLEGFSEVL SCTERKCAES 
TRKTTLHGNS LCPSQSQPMK ASLSKGHPAS WESDAVEERQ RTTSSRDSSQ 
SLEETSLQDQ QMKGVVHAVT SDGVQAGGEM KLDNSTFSSC RDRSFELFSS 
SESEKQDDAH EGRSEQGDDH SGIRSHTNER TGVMAGREGE ETGLSMHPAQ 
GGSRETSDFS SESETQGSSK QRINQRLDLF HSRHQVSMVT ESSIGDASAT 
RRSSKQRTTS ETGRMKRSLY FRRRILQRIR RNGLIRKFDY NQYYLGYPNR 
LKREFADRSL DQKQMLIQEG RKRKRSLASQ CKSLLPAKKA RLELATNRVH 
DRRNGLVGAP DAQSHENPEV VRDRASTTRQ DKNHNKNLIT RSSVRYRTKL 
KMSNSKTSSR FSNGSTIQED EKGRAPSPHE YSPLKDARSN WRRKTSLSNG 
FSSESPLSMG LTGLEVYVPL RALLKRIIPI ELWGSTANQN AFFRYVKELL 
KLGRFEKLPL SLMIRSLKVA DCQWASVTDE STNHSPRTDR VKKHELVVAM 
FTWLVTDLLV PLVRTLYYVT ETSMSKNELI YYPKHLWRKL QEKAISDYEK 
VGVVKCVDKE YVSHLIMTQK TLGKSKLRFI PKEKGFRPIV RMGKSTLRDK 
KKFGINFLLN DLLDVLNYLR TSHPELYGSS LLGITSIYSK WKEFVLQRKV 
NHDTRPLYFV KVDISKCYDS IPHSKMPVVM ATLLKEKSLP QSYLLQRYMV 
TTQTGMGEVN KRSLRRVSPG DTGQDPRKAF HQTLVDLLHE GKHRNSVLCN 
QASSHLESVD SLLSRLHQLV KYDIVSIGNT EFLRTRGISQ GSVLSSLLCS 
IFYSHLENGY LVGIGQDGLL LRLIDDFLLV TPYLSSATRF LNVLFARDCA 
GQFGCEINPL KTLTNFKFEY NGRQLDRALD GDWFPWCGFL FNTKTLEVKN 
DYQRYISTSF RYSMTLSFVA MDVLGSMKKK LIQALHRSKG LVIFIDPAVN 
SMRVIMENVY HLLLLTAFRF HSYIQALPLQ LKRLYNAGQL LVIIMEIGSS 
FYFKALATVR RLPEKLHLPM DINAVKWLCV KAFDVKLSRH LGAHKELVVK 
LREKRKTLSR RLDNGKRFHL AEASTPDIPG PFYKTRF 
  
253 
Sclerodactyla briareus TERT CDS (4,314 bp) 
 
ATGGATATTC TCAAGAGGGC CTACCGTCAG GTGCTGAGCT TGAGGGATTA 
TTTGAAAGCT GTTCTACCAG AGGAGAGTAT AAGCAAACTT CTGCATCATC 
CCAAAAAAGG ATTTCCATTG TTTCTATCGA AGACATTGGT AGCCATGGTA 
ACATGGTCTC CTCCAGATAG GCGAGAGGTC CCTTTAGTAA CATCAGATCA 
CATCGACCAG ATGCAAGTCG TAGAAGAGAT CATACAGGAA TTGCTTTCCA 
GTGGAAGAAC TGCCGATGTA CTTACTTATG GACTACACAG GAAGACTGGT 
TCTAGTCCGT CCCTGTCCTT CCACCCTGAC CATAACTATC CACAGCTGAT 
AACACCATAC TGGACAAACC TGCTGCAGAT AATCGGAGTG AAGAATATGA 
AAGATCTGTT ACTGAACACT TCCATATTCA TCGCAGTGTC GTCCAGTTAC 
ATCCAAATAT CAGGGCTTCC AGTCCATATG GTAATAGGGA AAGGATCCAG 
CTTTGTTCCC CAGCCTCCTC CGTCTAGTAA CAGGGAAAAG GGGAAAGCCA 
GCAGGGAATC TCAAGTAGAG ACAGATGGTC CAGTCAGTGC TGTGAACTTC 
TGCTATGACA AGACCTGGCA CCGAAAACTG AGTAAGACAC ATCCTTTGAA 
CATGCTTCAA GCCTCCAACA AGGGTGCCTT AGAACTAGTA AAACTCATCT 
TTCCAAAGCA GAATGTCCGA GATGGGAAAC GGCAAGCTAA AAGAAAGATC 
AATCGAGTGC CCAAAAGGCT GATCAGAAGT AAAAACCTGC TGAGGCAATT 
GCTTGCCAAC TTCAAGAAAA CACCTCTCCG AGTTCATCAC CCCAGGCTGA 
ACCAGAACCC GTCCATTAAA AAACTGTTCC AGACTGGCCA ATCCACCCAG 
GAACAATTCA CCATTGAAAG TGTTTCTCTG GAGAAACCTG ATAAGAGTGT 
TTCCTTGGCA GCGAGCACTT CCAGGCCTTG TAAAGAACCA GACAGATTGG 
AGGGTTTTTC TGAAGTCCTT AGTTGCACTG AGCGAAAATG TGCAGAAAGC 
ACCAGAAAAA CAACATTGCA TGGTAATTCC CTGTGCCCGA GTCAGAGTCA 
ACCTATGAAG GCCTCCCTTA GCAAGGGGCA TCCTGCATCA TGGGAGTCTG 
ATGCAGTGGA AGAGAGGCAG AGAACAACTT CATCTAGAGA CAGCAGCCAG 
TCCTTGGAGG AAACATCGCT TCAGGACCAG CAGATGAAGG GTGTGGTCCA 
TGCAGTCACT TCTGATGGTG TTCAGGCTGG AGGTGAGATG AAGCTAGATA 
ACTCCACCTT CTCCAGCTGC AGGGATCGAT CATTTGAATT ATTCAGCTCG 
TCAGAGTCTG AAAAACAGGA TGATGCCCAC GAAGGCAGAA GCGAGCAGGG 
AGACGATCAC TCGGGTATCC GGAGCCACAC AAATGAAAGA ACTGGAGTTA 
TGGCTGGCAG GGAAGGGGAA GAAACAGGGT TGTCTATGCA TCCAGCTCAG 
GGGGGTTCTA GGGAAACAAG TGATTTCTCC TCCGAGAGTG AAACACAGGG 
TAGCAGCAAA CAGAGAATTA ACCAGAGGCT GGATTTGTTC CATAGCAGGC 
ATCAGGTTTC TATGGTAACT GAATCGTCTA TCGGTGATGC AAGTGCTACT 
AGGAGGAGCT CAAAGCAAAG GACAACGTCA GAGACTGGTA GGATGAAGAG 
AAGTTTATAT TTTAGGCGAA GGATTCTCCA GAGGATTCGG CGGAATGGAT 
TGATCAGGAA GTTTGACTAT AACCAATACT ATCTGGGGTA TCCCAATAGA 
CTGAAGAGGG AATTTGCTGA CAGAAGTCTG GACCAAAAGC AGATGTTGAT 
TCAGGAGGGT CGCAAGAGGA AACGATCGCT GGCCAGCCAG TGTAAAAGTC 
TTCTGCCAGC GAAAAAAGCT AGGCTTGAAC TAGCTACGAA CAGAGTACAT 
GATAGGCGCA ATGGTCTCGT AGGTGCACCA GATGCTCAAT CACATGAAAA 
TCCAGAGGTT GTGAGGGATC GTGCAAGTAC TACAAGGCAA GACAAGAACC 
ACAACAAGAA TCTAATCACT CGATCTTCTG TCAGGTACAG GACGAAGTTG 
AAGATGTCTA ATAGTAAGAC TTCTAGTAGA TTTAGCAATG GTTCAACAAT 
CCAAGAGGAT GAAAAGGGCA GAGCACCATC TCCTCATGAA TATTCACCAT 
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TGAAAGATGC AAGGTCTAAT TGGAGGAGGA AGACTTCTCT CAGCAATGGG 
TTCAGCTCAG AATCACCATT ATCGATGGGT CTCACTGGCT TGGAGGTATA 
CGTGCCACTG AGGGCGCTCT TGAAGAGGAT CATCCCAATT GAGCTCTGGG 
GGTCAACCGC CAATCAGAAT GCTTTCTTCA GATATGTCAA GGAACTGCTC 
AAACTGGGAC GTTTTGAGAA GCTACCATTG AGTTTGATGA TTCGGTCTCT 
GAAGGTCGCA GACTGCCAGT GGGCGAGTGT GACTGATGAG TCTACTAATC 
ATTCCCCTCG CACGGATCGG GTCAAGAAGC ACGAGCTGGT GGTTGCCATG 
TTCACCTGGC TAGTCACAGA TCTTTTGGTC CCTCTTGTCA GGACCCTCTA 
CTATGTCACA GAGACCTCGA TGAGCAAGAA CGAGCTTATA TACTACCCCA 
AACACCTTTG GAGGAAACTC CAGGAGAAGG CGATCTCAGA CTATGAGAAG 
GTTGGTGTTG TGAAATGTGT TGACAAGGAG TATGTCAGTC ACCTGATTAT 
GACCCAGAAG ACACTGGGCA AGTCAAAGCT CCGGTTCATC CCTAAAGAGA 
AAGGGTTCCG CCCAATCGTC AGGATGGGCA AATCCACTCT TAGAGACAAG 
AAGAAATTTG GGATAAATTT TCTTCTGAAT GACTTGCTGG ATGTCTTGAA 
TTACCTTCGG ACATCTCACC CAGAACTGTA TGGGTCCTCA CTCCTTGGTA 
TCACCTCCAT CTACTCCAAG TGGAAAGAGT TTGTCCTGCA AAGGAAGGTG 
AACCATGATA CAAGACCATT GTACTTTGTG AAGGTGGACA TCTCAAAATG 
CTACGACAGT ATCCCTCACA GTAAGATGCC TGTTGTCATG GCAACACTTC 
TGAAGGAGAA AAGCTTACCC CAGAGCTACC TCCTACAGCG CTATATGGTC 
ACAACCCAGA CTGGGATGGG AGAGGTCAAT AAACGATCCC TACGGAGAGT 
CAGCCCTGGT GACACTGGCC AAGACCCGAG GAAGGCTTTC CATCAAACCT 
TGGTTGACCT CCTCCACGAA GGGAAACACA GAAATAGCGT TCTATGTAAT 
CAGGCTTCAT CTCATCTTGA GAGTGTTGAC AGTCTGCTGA GCCGCCTCCA 
TCAACTGGTC AAATATGATA TCGTCAGTAT TGGCAACACA GAATTCTTGA 
GGACCAGAGG CATCAGCCAG GGGTCTGTCC TGTCGTCGCT ACTCTGTAGT 
ATCTTCTACA GTCACCTAGA AAATGGTTAT CTTGTCGGTA TCGGCCAAGA 
TGGGCTACTG CTGCGACTGA TCGACGACTT CCTTCTGGTC ACCCCCTACC 
TAAGCAGCGC AACCAGGTTC CTGAACGTAC TCTTCGCAAG GGATTGTGCT 
GGGCAGTTTG GCTGTGAGAT TAACCCTCTA AAGACCCTGA CCAACTTCAA 
GTTTGAGTAC AACGGCCGGC AGTTGGACAG AGCGCTGGAT GGAGATTGGT 
TTCCCTGGTG TGGATTCCTG TTCAACACAA AGACACTGGA GGTCAAGAAC 
GATTACCAAA GATACATATC CACAAGTTTC AGATACAGCA TGACACTGTC 
TTTCGTGGCA ATGGACGTCC TGGGATCGAT GAAGAAGAAA CTAATCCAAG 
CCCTACACAG GTCTAAGGGA CTGGTTATTT TCATTGATCC AGCAGTCAAT 
TCAATGAGGG TTATCATGGA GAATGTCTAC CATCTTCTAC TGCTGACGGC 
TTTCAGGTTC CATTCTTACA TCCAGGCTCT ACCTCTCCAG CTGAAGAGAC 
TTTATAATGC TGGCCAGTTA CTTGTGATTA TAATGGAGAT TGGGTCATCT 
TTCTACTTCA AAGCCCTAGC AACCGTGAGA AGACTCCCGG AGAAGTTGCA 
TCTCCCAATG GACATCAACG CTGTGAAGTG GCTATGTGTG AAGGCTTTCG 
ATGTCAAGCT GTCAAGACAT CTTGGAGCTC ACAAGGAACT GGTGGTCAAG 
TTGAGGGAGA AGAGGAAAAC ACTCTCAAGG AGACTGGACA ATGGGAAACG 
CTTCCATCTG GCGGAGGCCT CCACACCAGA CATTCCAGGT CCATTTTACA 
AGACACGGTT CTAG  
255 
Asterias forbesi TERT (950 aa) 
 
MEVLQKIYPR VLPLQAYLKG LGCEDVVRED DKPGFKIFME KTFVGESANC 
PQFRGKVTSD CPAASLEGVI QDAVLMIKSR TKEQSVNVLT FGKVKEGGQT 
EKDNQDLVNV KLWKMMLGKI GVDVVMYLLT NTSVFLFAPP SCYIQACGYP 
IFDLCPWLGQ KRKCEKEKSP WRHMGKDISV FPKICVCYCK TGFKKIWTDH 
VLSTSPATTP GAILLLKAIF PFGKTVRESL TQKNVLVKRT KKRFVALQKI 
LRDLLTNYKK CNIIKLLKAH CPVSRSKVKN ALPSEIMESL VKSKVEPWKV 
FLFLRRVVKK VVPLELWGSK HNQSSFFKFV EKFVKIGRSS KLNVECLIDK 
LETADLKWAV HQVVKDHPCC HSVVMTKDKM IKTVMSWIMS QFVISLIRGA 
FYITETSTSR TGIVYYRKTT WSGLEKLALE DCRASGKIKE ITSREAESYL 
SVSGVQECSS LRFIPKKNSL RLITLPPKGA KAGQKTRKVY NPLENIYNVL 
RMFRHHTPSQ LGSSLFGVSD AYPKWKRFVL ETRKQSDRPL YFVKVDIMEC 
FDSIPHSELR GVIANVLRAE HDRYRFVIYN YATVANYRGQ PRKRFHRNAF 
LMTQFVDPLS LLLLQMAKEE RLKNTIFVNR VTSFRTTAET LLNTMSQHVE 
WNIVKFAGSH FLKKKGIPQG SIISSFLCNY FYAAMEKEHL PYYGKDELLM 
RLLDDFLFVT PHLENAQRFL TLLLNGLPSY GCHTNTAKTL TNFAFVHDGK 
EVKRLEPSEL FPWCGLLINT ETLGVSNDYT RYKDVSISHT MIVNFTDKDV 
LPKVKTKVLQ LLRSKCNKFF LDPEINFPEI IKRNCYEFFL ISAFRLHSQL 
KVLQFKEADK AASKLMDILF RLIDQLPHMG CTLKKQQVKW LCMKAFETKL 
RRHHSRYRIL LRRIKKTKKR AANCLAEQEL LALEVATSPS MPQAFKEMKT  
  
256 
Asterias forbesi TERT CDS (2,853 bp) 
 
ATGGAGGTTC TTCAGAAAAT CTACCCTAGA GTTCTTCCTC TTCAGGCTTA 
CCTAAAAGGC CTTGGATGCG AGGATGTTGT CCGCGAAGAC GACAAACCAG 
GCTTCAAGAT CTTCATGGAG AAAACTTTTG TTGGGGAGAG CGCAAATTGT 
CCGCAGTTCA GAGGGAAAGT CACGAGTGAT TGCCCTGCTG CTAGTCTGGA 
GGGCGTCATT CAGGATGCTG TTTTGATGAT AAAATCAAGA ACAAAAGAAC 
AATCAGTGAA TGTTTTGACT TTTGGAAAAG TAAAGGAAGG AGGTCAGACA 
GAGAAGGACA ATCAGGATCT TGTTAATGTG AAGCTCTGGA AGATGATGTT 
AGGCAAGATT GGAGTGGATG TCGTCATGTA CTTATTGACC AACACATCTG 
TGTTTCTTTT TGCCCCTCCG TCCTGCTACA TCCAAGCATG TGGCTATCCC 
ATCTTTGACC TTTGCCCTTG GCTGGGTCAG AAAAGGAAAT GTGAAAAAGA 
GAAATCCCCT TGGAGACATA TGGGGAAGGA CATCAGCGTA TTTCCCAAGA 
TCTGTGTATG CTACTGCAAA ACAGGATTCA AGAAAATCTG GACAGATCAT 
GTGTTGTCAA CGTCGCCAGC TACAACCCCT GGAGCCATCC TACTCCTGAA 
AGCCATTTTC CCCTTTGGGA AAACAGTAAG GGAATCACTT ACACAGAAGA 
ACGTACTGGT GAAAAGAACC AAAAAACGTT TCGTCGCTTT GCAGAAAATT 
CTGAGAGACC TGCTGACAAA TTACAAGAAA TGCAATATCA TCAAACTACT 
TAAAGCTCAC TGTCCAGTCT CAAGGTCAAA GGTCAAGAAT GCTTTGCCCT 
CTGAGATCAT GGAGTCATTG GTGAAGTCGA AGGTTGAACC CTGGAAGGTG 
TTCTTGTTCC TGAGGCGAGT TGTGAAGAAG GTCGTTCCAC TTGAGTTGTG 
GGGATCTAAG CACAATCAGT CAAGTTTCTT CAAGTTTGTG GAGAAGTTCG 
TCAAGATTGG CCGAAGTTCC AAGTTGAATG TGGAATGTCT CATTGACAAG 
TTGGAGACAG CGGACCTGAA GTGGGCCGTC CACCAGGTGG TAAAGGATCA 
CCCTTGTTGC CACTCTGTCG TAATGACCAA AGACAAGATG ATAAAGACTG 
TCATGTCGTG GATCATGTCG CAGTTTGTCA TTTCTCTGAT CAGGGGTGCC 
TTCTATATTA CAGAGACATC AACATCTCGC ACTGGAATTG TCTACTACCG 
TAAAACCACA TGGAGTGGCC TAGAGAAGCT GGCATTGGAA GATTGCAGAG 
CTTCTGGGAA AATTAAAGAG ATAACAAGTA GGGAAGCCGA GAGTTACTTG 
TCGGTCAGTG GAGTTCAGGA ATGTTCATCT CTTCGATTCA TTCCTAAGAA 
GAACAGTTTG AGGCTGATCA CACTGCCTCC AAAAGGAGCA AAAGCTGGCC 
AAAAGACTCG CAAAGTCTAC AACCCGTTGG AAAACATTTA CAACGTCTTA 
AGAATGTTCC GACACCATAC TCCATCTCAA CTCGGCTCAT CGCTCTTTGG 
AGTCAGCGAT GCGTATCCAA AGTGGAAGCG GTTTGTCTTG GAGACCAGGA 
AGCAGTCCGA CAGGCCTCTT TACTTTGTGA AGGTGGACAT CATGGAATGT 
TTTGATTCTA TTCCTCATTC TGAGCTTCGA GGTGTTATTG CTAATGTACT 
ACGAGCTGAG CATGACAGAT ACCGGTTTGT TATTTACAAC TACGCTACGG 
TGGCCAACTA TAGAGGACAA CCAAGAAAGA GATTTCACAG GAATGCCTTC 
TTGATGACGC AGTTTGTTGA CCCCTTGTCG TTACTACTGT TGCAGATGGC 
CAAAGAGGAA CGCTTGAAGA ACACGATCTT TGTTAATCGG GTGACCAGTT 
TTCGTACAAC TGCAGAGACC TTATTGAACA CAATGTCCCA GCATGTTGAA 
TGGAACATAG TCAAGTTTGC CGGATCTCAT TTCTTGAAAA AGAAGGGCAT 
CCCCCAAGGA TCCATCATTT CATCTTTCCT CTGTAACTAT TTCTACGCTG 
CCATGGAAAA AGAACACTTG CCCTATTATG GGAAAGATGA GCTCTTGATG 
CGTCTCTTGG ATGATTTCCT CTTTGTGACT CCTCATCTTG AGAATGCCCA 
GAGATTTCTA ACCCTGCTTC TCAACGGCCT GCCGAGTTAT GGTTGCCATA 
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CCAACACGGC AAAGACGCTG ACCAACTTTG CTTTTGTTCA TGACGGGAAA 
GAAGTGAAGA GATTAGAACC ATCAGAACTG TTTCCTTGGT GTGGACTTCT 
CATCAACACG GAGACTCTTG GAGTATCAAA TGACTACACA AGATACAAGG 
ATGTCAGTAT CAGCCATACC ATGATAGTGA ACTTCACAGA TAAGGATGTC 
CTTCCCAAAG TCAAGACCAA AGTACTGCAA TTGCTCAGGT CAAAGTGCAA 
TAAATTCTTC CTTGATCCAG AGATCAACTT CCCCGAGATC ATCAAGAGGA 
ATTGTTACGA GTTCTTCCTG ATCTCTGCAT TTCGGTTACA CAGTCAGCTT 
AAGGTGCTTC AGTTCAAGGA GGCAGACAAG GCTGCCAGTA AGCTCATGGA 
TATACTCTTT CGGCTGATAG ATCAACTTCC TCACATGGGA TGCACTCTCA 
AGAAGCAACA AGTAAAGTGG TTGTGCATGA AAGCATTTGA GACCAAGCTT 
CGACGTCATC ACAGCAGATA CAGAATTCTA CTGAGGCGTA TCAAGAAAAC 
AAAGAAGAGA GCTGCCAACT GCCTGGCAGA GCAAGAACTC CTGGCACTAG 
AGGTAGCCAC ATCACCATCC ATGCCTCAAG CTTTCAAGGA GATGAAGACA 
TGA  
258 
Henricia sp. TERT (941 aa) 
 
MEVLKSRFSR SLTLVEYLTS VGFSKVLRTD DKSGFKSFLE TTIVGMPDNV 
QELRQPIQFN HHWHQDEVVQ KAVQMLEKSS KPNVLTLGKR ETRQEDIVVC 
NNRALARLPH WEILLDRIGD DVMLYLLVNL SVFLFVPPSC YIQMCGVPVY 
DLKPCLTRNV APSTTIKTSQ SATCFTMACV CYCRRGRGQL PKTHPLLALP 
ATNSGAKTLL KYIMADEGPR KLTTSRKRTP RSFIPMLTLL KQILDSHKKT 
NTKAILNGCC PCLKPENTNK LSAKDLQAVA CLIKDTMEPG RVFLFLRKVL 
LRVFPLTVWG SKANRKAFFK FVKKFVKLGK NDKLHLDQLM EGIEVTDCEW 
TKMEKLTGGL LVHSDGVKRQ QMVASLMSWI MTAYVMPLLK SAFYITETTS 
SRNGVVLYRK STWSLLEKIA LQECEASGMF LPVSSKVWEH LTSSNVTFGS 
SNLRFLPKKT GLRPVINQSR KGTTDKRGLS ENAILENVND VLKFHQTRDP 
AALGSSLFGI SDAYEKWKKF ALEIRTLNAG PLYFVKMDIM QCYDSIPHQT 
LYDVMNGILQ LQHSNEVFIM NRYACVMEGF GRKTFRKYTQ LNDGTTMPFW 
QKMEELCQKG KLHDAVLVNE VRSHTVSAKK TMTMLKKHVG SGIIKFRDKY 
YLRTKGIPQG SVVSSLLCNF FCAAMEKECL PPVEHNELMM RLLDDFLFVT 
PNLEKAQQFL QILLNGIPKY GCHVNLAKSL INFPFVFDGT SIQTVGPEEP 
FPWCGLLLDT KTLNVYNDYS RYKNVSIRFT MTLDVTGDVI KKVKSKLRKC 
LQVKSEEFFL DYEINSLDTI QGNCYEMMLM SAYRFHSLIR SLPQKLKTGA 
TVTRKLLSII LVLVDKLHEL GCPLNRQETK WLCLKAFEVK LSLHHGSYWQ 
LLKLIKTRKT KTSRYLTQAN LEQLTSAAMP ELPAVFREMK A 
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Henricia sp. TERT CDS (2,826 bp) 
 
ATGGAGGTTT TAAAGAGCCG CTTCTCAAGA TCTCTTACAT TGGTGGAATA 
TTTGACTTCA GTTGGATTCT CAAAAGTCTT ACGCACTGAT GATAAGAGTG 
GATTCAAGTC CTTTCTAGAA ACCACTATTG TGGGAATGCC TGACAATGTG 
CAAGAATTGA GACAACCAAT CCAATTCAAC CATCATTGGC ACCAGGATGA 
GGTGGTGCAG AAAGCTGTGC AGATGTTGGA AAAATCCAGC AAACCAAATG 
TGCTAACCTT GGGAAAAAGA GAAACAAGAC AGGAGGATAT TGTTGTCTGC 
AACAATCGAG CGCTTGCCAG ACTGCCACAC TGGGAGATCC TTTTGGACCG 
AATTGGAGAT GACGTCATGC TTTACTTGTT GGTCAATCTG TCTGTGTTTC 
TGTTTGTGCC TCCATCCTGC TACATTCAAA TGTGTGGTGT TCCTGTCTAC 
GACCTGAAAC CCTGTCTCAC AAGAAATGTT GCTCCTTCAA CCACAATAAA 
AACAAGCCAA TCTGCTACTT GCTTCACCAT GGCCTGTGTT TGTTACTGCC 
GGAGGGGTCG CGGTCAACTC CCTAAAACAC ATCCGCTGTT GGCACTACCT 
GCCACTAACA GTGGTGCCAA GACGCTACTG AAGTATATTA TGGCAGATGA 
AGGGCCTCGG AAACTAACTA CAAGTCGAAA GAGAACACCA AGAAGCTTCA 
TACCGATGCT GACACTTCTG AAGCAGATAC TGGACTCGCA CAAGAAAACT 
AACACTAAAG CGATCCTTAA CGGCTGCTGT CCATGCCTTA AACCAGAGAA 
CACAAATAAA CTATCGGCCA AGGACCTCCA AGCTGTGGCA TGTTTGATCA 
AAGACACGAT GGAACCAGGG AGGGTGTTTC TGTTCCTCAG GAAAGTGCTG 
CTGAGAGTGT TCCCGTTAAC GGTGTGGGGA TCCAAGGCCA ATCGGAAAGC 
ATTCTTCAAA TTTGTCAAGA AATTTGTGAA ACTTGGGAAG AACGACAAGC 
TTCATTTGGA TCAGCTGATG GAGGGAATAG AGGTAACTGA TTGTGAGTGG 
ACCAAGATGG AGAAGCTAAC TGGTGGTTTA TTGGTTCATT CAGATGGCGT 
CAAACGACAG CAGATGGTAG CAAGTCTCAT GTCATGGATT ATGACGGCTT 
ATGTCATGCC ACTTCTTAAG TCGGCATTCT ACATCACCGA GACTACATCA 
TCACGTAATG GAGTTGTGCT CTATCGTAAA TCCACTTGGA GTTTACTGGA 
AAAGATAGCC CTCCAAGAGT GTGAAGCTTC TGGTATGTTT CTGCCTGTGT 
CTAGCAAAGT TTGGGAGCAT CTGACGTCAT CAAATGTAAC ATTCGGCTCT 
TCAAACCTGC GGTTTCTACC CAAGAAAACC GGATTGCGAC CGGTCATTAA 
CCAGAGTCGA AAGGGAACCA CCGACAAACG GGGTCTTTCT GAGAACGCAA 
TCCTGGAAAA CGTGAATGAT GTCCTGAAGT TCCATCAAAC CAGAGACCCG 
GCTGCTCTCG GCTCCTCGCT ATTTGGTATC AGCGACGCCT ACGAAAAATG 
GAAGAAGTTT GCTCTTGAAA TCCGGACTCT AAATGCAGGC CCACTGTACT 
TTGTGAAAAT GGACATCATG CAGTGCTATG ACTCCATCCC ACATCAGACT 
CTCTATGACG TCATGAACGG CATACTACAA TTACAGCACT CAAACGAAGT 
CTTCATCATG AACCGTTATG CGTGCGTGAT GGAGGGATTT GGCCGTAAAA 
CCTTCAGGAA GTACACTCAA CTCAATGACG GAACCACAAT GCCATTCTGG 
CAGAAGATGG AGGAGCTGTG TCAAAAGGGG AAGTTACATG ATGCAGTCTT 
GGTCAACGAG GTCAGGAGCC ACACTGTCTC AGCGAAGAAA ACAATGACTA 
TGCTGAAAAA ACACGTTGGC AGTGGCATAA TTAAGTTTAG GGACAAGTAC 
TACTTAAGGA CCAAGGGGAT TCCCCAAGGT TCGGTGGTGT CATCTTTGTT 
GTGCAACTTC TTCTGTGCTG CCATGGAAAA GGAATGTCTT CCACCCGTCG 
AGCACAATGA GTTGATGATG CGGCTGTTAG ACGATTTCTT GTTTGTGACG 
CCAAATCTAG AGAAAGCTCA ACAATTCCTC CAAATATTGC TCAATGGCAT 
TCCAAAGTAC GGTTGCCATG TCAACCTAGC CAAGTCACTG ATTAATTTTC 
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CCTTTGTCTT TGATGGGACA TCGATTCAGA CCGTGGGTCC AGAGGAACCA 
TTCCCTTGGT GTGGCCTGTT ATTGGATACC AAGACCCTGA ATGTTTACAA 
TGACTACTCC AGATACAAGA ATGTCAGCAT TCGCTTCACA ATGACACTGG 
ACGTTACTGG TGATGTCATC AAAAAAGTCA AATCCAAGCT TAGAAAGTGT 
CTCCAAGTAA AAAGCGAAGA ATTCTTCCTG GATTATGAGA TTAACAGCCT 
GGATACCATC CAAGGAAACT GTTACGAGAT GATGCTGATG TCTGCTTATC 
GATTCCACAG TTTGATTAGA AGTCTGCCGC AGAAGCTCAA GACAGGAGCC 
ACAGTCACAA GGAAACTACT GAGCATCATC CTCGTCCTTG TAGACAAACT 
TCATGAGCTT GGTTGTCCTC TCAACAGACA AGAAACTAAA TGGTTGTGTC 
TGAAGGCTTT TGAGGTCAAG CTCAGCCTTC ACCATGGCAG CTACTGGCAG 
CTTCTTAAGC TCATAAAGAC AAGAAAGACG AAGACTTCAA GATACTTGAC 
GCAAGCTAAC TTGGAGCAAC TGACATCAGC TGCAATGCCA GAGCTGCCAG 
CGGTCTTCAG AGAAATGAAA GCGTAA  
261 
Ophiocoma echinata TERT (1,213 aa) 
 
MEVLKKLHCS IHSLEEYLNN LPGCPEILRN EDKQGYKAFL GSTIIGIPSG 
CGMLQQPINF QQLSDQIEVV LRVIKKLSRQ TKNGKNVLLI GWQQAPRGTW 
VCRETGTSDT GHFLPGNTAG QLKTPNWKRL LSRIGDEVMM HLLCNLSVFV 
KAPPSSFIQL TGTPVYDMVN AVSMATKPLA QSSKQSQLQV NGCPNSALRN 
DVMPSKSAQG KKRRRSSSEG DVGTPAKRRH QDSTQHSTPH GATQIGTSSK 
PYYQELKVTK ERSSDTQVKC DSSVSKQKDS NGKLNELRMS AGGWTKDILK 
YIKDKKFYAV EMCYSHGGRE KLAKSHPMEA LPSNAIGARR LTGLIFNINA 
INRESKEVKL TTENKSDYPK LTDEDECEGL TGLKDRKVSS HMGERQTTAR 
NATEKERKKK RKLRSTPRRY IKVQKLIHAM VIQHRKTSIY HLLKHHCPIQ 
LEKKSVTINQ GVSVQQKDSN IPQVSTVPEV QQILRLQSDD NGPVVFHRRP 
PAVDDLNQAT KTTDKCAKPT ENTSPTLSTQ ENAADLVAME TPSWRVYVFI 
RSVLIRVVPH QLWGSMHNRT VFFKYAKRYL QLGRFEKLFL YQLVKDIQIS 
DCNWTKLDTK CVTSPRPPSD LFKQHQMVAD FFTWLMENYV ITLVKTMFYV 
TESNSSRNQL LFFRKPIWNK LERIGAKKLQ DSGVIKPITQ SVATEMMMSE 
RSLGCSNLRF LPKTSSLRPI VNMGKSSVHA KKNMSINVLL QDLFDVLTHI 
KHTSPALFGS AVLGTDTIYP EWRQLVQKYK QQNAQRPLYF VKLDIEKCYE 
SIKHDKLFQI MTTLLKSQPD SKEFIIHRYA TVTLHQGKLQ RAFVRHVSTS 
QEVGSDFHRV LMGLAKEGNQ LKNTIILNQV SQHTETPASL LSRLKHHVNF 
DVLKCGGQHY LRTSGISQGS AISSLLCSYF YAHMEKCCLS GIEEDGLLLH 
LVDDFLLVTP HLEKAHRFLN VLLKGLPQYG CHANPDKTLT NFPVEYQGVQ 
TKTLAPGALF PWCGLLFDTS RLHVYNEYAR YHGIMIRYTM TMDTSDDVFL 
AMKSKLKKSL QAKDVCIFVD PXINSGQVII INSYHMLLML AFRFHAYYHN 
LPSSCKVDIA ANRLMGLILH LCDHFHYLVH NKLSSHNALL SEESYPLTKS 
SVTWLCLKAF WTKLSKHQTS YKSLLKTINK HRHKVTRMLG SETVADLQAC 
CTPDMPYDFT KMI 
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Ophiocoma echinata TERT CDS (3,642 bp) 
 
ATGGAGGTCT TAAAGAAATT ACACTGCAGT ATCCATTCTC TTGAGGAGTA 
TCTTAACAAC CTGCCCGGAT GCCCTGAGAT TCTACGGAAT GAGGATAAAC 
AAGGGTACAA GGCATTCCTG GGAAGCACCA TCATTGGTAT CCCTTCAGGC 
TGTGGAATGT TGCAGCAACC AATCAACTTT CAGCAGTTGT CGGATCAGAT 
AGAGGTTGTT CTAAGAGTCA TTAAGAAACT GAGCAGGCAA ACCAAGAATG 
GAAAGAATGT TCTCCTGATT GGCTGGCAAC AGGCACCCCG AGGCACATGG 
GTATGCAGAG AGACTGGCAC GTCTGATACA GGGCACTTCT TACCTGGGAA 
CACAGCAGGC CAGCTGAAAA CACCTAACTG GAAAAGATTA CTCAGCAGAA 
TTGGCGATGA AGTGATGATG CACCTTCTGT GTAATCTCTC AGTGTTTGTC 
AAGGCTCCAC CATCAAGCTT CATTCAACTC ACTGGTACAC CTGTGTATGA 
CATGGTAAAT GCTGTTTCCA TGGCAACCAA ACCTTTGGCA CAATCTTCAA 
AGCAAAGTCA ATTGCAAGTT AATGGCTGTC CCAACTCTGC ACTAAGAAAT 
GATGTAATGC CTAGTAAAAG TGCTCAGGGA AAGAAACGTA GGCGATCATC 
TTCAGAAGGA GATGTTGGTA CACCTGCTAA AAGGAGACAC CAAGATTCCA 
CCCAACATAG TACTCCGCAT GGAGCTACAC AGATTGGAAC ATCATCAAAA 
CCATACTATC AAGAATTAAA AGTAACCAAA GAGAGATCAA GTGACACCCA 
AGTAAAATGT GATTCAAGTG TCTCAAAGCA AAAAGATTCT AATGGAAAAT 
TAAATGAACT TAGAATGAGT GCTGGTGGTT GGACAAAAGA TATATTGAAA 
TATATCAAAG ACAAGAAGTT CTATGCGGTC GAAATGTGCT ACAGTCATGG 
TGGAAGGGAA AAACTTGCCA AATCACATCC CATGGAGGCC TTGCCATCAA 
ATGCTATCGG TGCCAGGCGG CTGACTGGGC TCATTTTCAA CATAAATGCC 
ATTAACAGGG AAAGCAAAGA AGTAAAGTTG ACCACTGAAA ATAAGTCTGA 
TTATCCCAAG CTGACCGATG AAGATGAGTG TGAAGGTTTA ACTGGCCTGA 
AGGACAGGAA AGTTTCAAGT CACATGGGAG AGAGACAGAC TACAGCAAGG 
AATGCAACCG AGAAGGAAAG AAAGAAGAAG AGAAAACTTA GAAGTACTCC 
CAGAAGATAC ATCAAGGTGC AAAAGCTGAT ACATGCAATG GTCATACAGC 
ATAGAAAAAC AAGTATCTAC CACCTATTAA AACATCATTG TCCCATTCAG 
CTTGAAAAGA AATCTGTTAC CATCAACCAA GGGGTCTCAG TCCAGCAAAA 
GGATTCGAAC ATCCCACAAG TAAGCACGGT GCCTGAAGTA CAGCAGATCT 
TGAGACTGCA GAGTGATGAC AATGGTCCTG TTGTCTTCCA TCGCAGACCA 
CCAGCAGTTG ATGATTTGAA TCAAGCGACA AAGACCACTG ATAAATGTGC 
AAAACCAACA GAGAACACCA GTCCAACTCT ATCCACTCAA GAAAATGCAG 
CAGATCTAGT TGCCATGGAA ACCCCATCAT GGCGAGTCTA TGTTTTTATC 
CGGTCTGTAC TGATWMGSGT GGTGCCACAC CAACTATGGG GATCCATGCA 
TAACAGGACA GTCTTCTTCA AATATGCAAA GAGGTATCTT CAACTTGGAA 
GATTTGAGAA ATTGTTTTTG TATCAGCTTG TTAAAGACAT TCAGATTTCT 
GATTGTAACT GGACAAAACT GGACACAAAA TGTGTAACAT CACCAAGACC 
ACCAAGTGAC TTGTTCAAAC AACATCAGAT GGTTGCCGAT TTCTTCACAT 
GGTTGATGGA GAATTATGTC ATCACACTTG TCAAGACCAT GTTCTATGTG 
ACGGAATCCA ATTCATCGAG AAATCAACTG CTCTTCTTTC GTAAACCAAT 
CTGGAACAAA CTGGAGCGCA TCGGTGCCAA GAAATTACAA GACTCTGGTG 
TGATCAAACC AATCACTCAA TCTGTAGCCA CGGAAATGAT GATGTCAGAG 
AGGTCTTTAG GCTGTTCCAA TCTGAGATTT TTACCCAAGA CGTCCAGCCT 
TCGACCGATT GTGAACATGG GTAAATCCAG TGTGCACGCT AAGAAGAATA 
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TGAGTATCAA TGTCTTACTT CAAGACCTCT TTGATGTACT CACTCACATC 
AAGCACACCA GTCCAGCTCT CTTCGGTTCT GCTGTACTGG GCACAGACAC 
CATATACCCT GAGTGGAGGC AGCTTGTACA AAAATATAAA CAACAGAATG 
CACAAAGGCC ATTGTACTTT GTCAAGTTGG ATATAGAGAA GTGCTACGAA 
TCCATCAAAC ACGACAAGCT GTTCCAGATC ATGACTACGC TACTCAAGTC 
TCAGCCAGAT TCCAAGGAGT TCATCATCCA TCGCTATGCT ACAGTAACCT 
TGCACCAGGG TAAACTGCAG AGGGCGTTTG TCAGACATGT GTCAACCAGT 
CAGGAGGTGG GCAGTGACTT TCATCGTGTG CTGATGGGAC TGGCTAAAGA 
AGGGAACCAG CTTAAGAATA CAATTATTTT AAATCARGTA TCTCAGCATA 
CAGAAACTCC AGCCAGTCTT TTGTCAAGAC TCAAACACCA TGTCAACTTT 
GATGTCTTAA AGTGTGGTGG GCAGCATTAC CTGAGGACAT CAGGTATTAG 
CCAAGGATCT GCCATTTCAT CACTCCTGTG CAGTTATTTC TACGCTCACA 
TGGAAAAGTG TTGCTTGTCA GGGATTGAGG AAGATGGTCT GTTGCTACAT 
TTAGTGGATG ATTTTTTGCT GGTCACACCA CACCTGGAAA AGGCACATAG 
GTTTCTTAAT GTTCTTCTCA AAGGTCTACC TCAGTATGGT TGTCATGCCA 
ACCCAGACAA GACTTTAACC AACTTTCCTG TTGAATATCA AGGTGTTCAG 
ACAAAAACTT TGGCACCTGG AGCTCTGTTT CCCTGGTGTG GTCTACTATT 
TGATACAAGC AGACTTCATG TGTACAATGA GTATGCCAGG TACCATGGAA 
TCATGATAAG ATATACAATG ACGATGGATA CTTCTGATGA TGTTTTCTTG 
GCAATGAAGA GCAAATTGAA AAAGTCACTT CAAGCTAAGG ATGTCTGCAT 
CTTTGTGGAT CCTRTCATCA ACTCAGGTCA AGTCATCATT ATCAACAGCT 
ATCATATGCT GCTGATGTTG GCATTCAGAT TCCATGCCTA CTACCACAAC 
CTACCTTCCT CATGTAAAGT TGACATAGCA GCCAACAGGC TTATGGGTTT 
GATACTGCAC TTGTGTGATC ATTTTCATTA CCTTGTTCAC AACAAGCTGT 
CCTCCCACAA TGCACTGCTG TCAGAAGAAT CTTATCCTTT GACCAAGTCA 
TCAGTCACAT GGTTATGTTT GAAAGCATTT TGGACCAAAC TAAGCAAGCA 
TCAGACATCC TACAAGTCTC TGCTGAAAAC CATCAACAAA CACAGGCACA 
AAGTGACCAG GATGCTGGGT TCTGAGACTG TTGCTGATCT TCAAGCTTGC 
TGTACACCAG ACATGCCATA TGACTTCACA AAAATGATAT GA 
 
 
Amino acid and coding DNA sequence for echinoderm TERT proteins 
identified in this study.  The primary amino acid sequence for the six 
echinoderm TERT proteins.  The coding DNA sequence all begin with the start 
methionine ATG (underlined) and the sequence terminates with the stop codon 
(underlined) included in the sequence. 
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APPENDIX L 
MULTIPLE SEQUENCE ALIGNMENT OF TERT FROM SELECT SPECIES   
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Multiple sequence alignment of TERT from select species.  Vertebrate TERT 
species represent mammals, avians, amphibians, and teleost fish.  Echinoderm 
TERT species include S. purpuratus and the 6 TERTs identified for this study: L. 
variegatus, S. granularis, S. briareus, A. forboesi, H. sp. AR-2014, and O. 
echinata.  The teleost fish O. latipes and T. rubripes, the insect T. castaneum, and 
the ciliate T. thermophila TERTs were included due to demined partial or 
complete TERT crystal structures.  Predicted secondary structures from three 
algorithms YASPIN <http://www.ibi.vu.nl/programs/yaspinwww/ >, PSI 
<http://bioinf.cs.ucl.ac.uk/psipred/> and JPred 
<http://www.compbio.dundee.ac.uk/www-jpred/ > included below each sequence 
with predicted random coil (C), α-helix (H), and β-strands (E) denoted.  
Determined crystal structure defined residues symbols same as predicted with 
regions unresolved in the structure (U) denoted.  
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APPENDIX M 
COMPARISON OF THE PURPLE SEA URCHIN TERT HOMOLOGY 
MODEL WITH KNOWN TERT TERTIARY STRUCTURES 
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Comparison of the purple sea urchin TERT homology model with known 
TERT tertiary structures.  (A) Homology modelling could not be achieved for 
the entire span of the spuTERT protein (white faded and dashed lines) with the 
size of the gap in the modeling denoted below the schematic.  Regions within the 
O. latipes, T. rubripes, T. castaneum, and T. thermophilia TERT for which a 
crystal structure has been determined with unresolved sections of these TERTs 
denoted (white faded and dashed lines).  (B) Comparison of the S. purpuratus 
homology model with the T. thermophilia crystal structure (PDB 2B2A) for the 
TEN domain.  (C) Comparison of the S. purpuratus homology model with the O. 
latipes (4O26) and T. rubripes (4LMO) crystal structures for TRBD.  (D) 
Comparison of the S. purpuratus homology model with the T. castaneum crystal 
structure (3KYL) for the RT and CTE domains. 
